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ABSTRACT  
 
Capacitive polymer-matrix composites (PMCs) were fabricated with various nanofillers, 
defined as nanodielectrics. Surface modification of nanofillers was conducted to improve the 
homogeneity of nanocomposites. A capacitive sensor was designed and fabricated to measure 
dielectric properties of thermally aged cable jackets for the purpose of nuclear power plant (NPP) 
cable status monitoring. 
Silanized-Si/epoxy nanocomposites were studied for structural capacitors. The surface 
treatment of Si nanoparticles by silane coupling agents was achieved to improve dispersion of 
nanofillers in an epoxy matrix. The nanocomposite shows an increase of dielectric breakdown 
strength and dielectric constant with no significant increase in loss tangent at 10 wt.% silanized-
Si loading. Furthermore, the introduction of silanized nano-Si increases the storage modulus of 
epoxy and the Tg shows good thermal stability. The silianized Si/epoxy nanocomposite is a 
promising material for future structural capacitors. 
Dielectric properties of silanized-Si/epoxy nanocomposites were investigated for a 
comprehensive understanding of the nanodielectric system. Dielectric spectra of nanocomposites 
were fitted by Havriliak-Negami (HN) dielectric relaxation functions with a power-law 
conduction term. Maxwell-Wagner-Sillars (MWS) interfacial polarization relaxation was 
observed in silanized-Si/epoxy nanocomposites. Further, Weibull distribution analysis was 
applied to study the dielectric breakdown behaviors. Silanized Si/epoxy exhibits high dielectric 
breakdown strength and a narrow distribution of failure points.  
Dielectric properties of another nanodielectric system, poly(methyl methacrylate) 
(PMMA)/montmorillonite (MMT), were investigated to study the effect of MMT and the 
xii 
 
 
interface to the polymer. The data was analyzed with a sum of HN functions and a power-law 
conduction term. As MMT content increases, an MWS relaxation emerges in the nanocomposites 
and α-relaxation is contributed by main-chain movements above Tg. The characteristic frequency 
of β-relaxations is influenced by the mergence with the α-relaxation above Tg. 
A capacitive sensor was created for monitoring NPP cable jacket degradation. Ethylene 
propylene rubber (EPR) and cross-linked polyolefin (XLPO) cable jackets were studied in this 
research. Accelerated thermal aging was conducted on cable jackets. The decrease of capacitance 
against aging time measured on XLPO correlates well with observed changes in elongation-at-
break. Capacitance of aged EPR, however, did not show a strong correlation with observed EAB 
for the samples studied here. 
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CHAPTER 1 INTRODUCTION 
 
1.1 General Introduction 
Polymer-matrix composites (PMCs) are defined as multiphase materials with two 
components: bulk polymers as the matrix and fillers (i.e., inclusions) for the reinforcement and 
property tailoring. Polymers, both thermoplastics and thermosets, have been of interests for 
decades because of their remarkable advantages such as low weight, high strength, and excellent 
resistance to wear, easy mass-production, and low cost [1-3]. In the past few decades, the 
development of polymer-matrix composites has expanded the market of polymers to various 
industries from automotive to aerospace engineering [4-7].  
In the past two decades, nano-scale filler materials (nanofillers) have been widely studied 
for the special properties they impart to polymer systems [8-11]. For example, the introduction of 
only a small amount of nanofiller can lead to a remarkable change of mechanical and electrical 
properties exhibited by a polymer matrix, which are not observed in the case of micro-scale filler 
materials [8, 10, 12, 13]. This feature of nanocomposites provides a new approach to tailoring 
various properties of polymers, e.g., electrical, mechanical, and thermal properties [14-16]. 
Polymers generally exhibit high electrical insulation performance and are used, therefore, both in 
capacitor and electrical insulation applications.  Modification of the dielectric properties of 
PMCs is of interest in both of these fields of application. In fact, the research field of 
“nanodielectrics” has emerged and become well-established in the past two decades, describing 
polymers filled with nanofillers exhibiting tailored dielectric and electrical insulating properties 
[17-21]. Further, the simultaneous enhancement of mechanical and dielectric properties suggests 
suitability of the nanocomposite for multifunctional application, e.g. as a structural capacitor [22-
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25]. The advantage of nanocomposites, however, could be eliminated by the agglomeration of 
nanoparticles due to their extremely high surface-to-volume ratio as well as surface energy. 
Therefore, high-performance nanodielectrics need to be achieved with uniform nanoparticle 
dispersion, which is one subject of this research.  
A capacitive sensor for polymer cable jacket status monitoring is another topic of this 
study. The degradation of the cable jacket in the nuclear power plant system has been identified 
as a factor that potentially limits the ability of cables to operate beyond their initial design life. A 
capacitive sensor is a desirable candidate for long-term cable integrity assessment since cable 
jacket polymers are dielectrics with low permittivity, contributing to a high sensitivity to 
environmental changes. Therefore, the cable state can be inferred from low-voltage capacitance 
signals.  
This dissertation encompasses efforts to: 1. Fabricate capacitive PMCs as nanodielectrics, 
2. Surface modify nanofillers for synthesis of high-quality nanodielectrics, 3. Analyze dielectric 
spectra of PMCs, and 4. Develop and test a capacitive sensor for cable jacket status monitoring. 
Specifically, silanized-Si/epoxy nanocomposites are developed for structural capacitors. Si 
nanoparticles are chemically treated by silane coupling agents to achieve uniform dispersion in 
the epoxy matrix. A dielectric study of silanized Si/epoxy nanocomposites is conducted in order to 
achieve a comprehensive understanding of dielectric properties of the system. Poly(methyl 
methacrylate) (PMMA)/montmorillonite (MMT) nanodielectrics are developed and their 
dielectric properties are investigated by HN function model fitting of isothermal dielectric 
spectra. Finally, an interdigital sensor is designed and tested for the purpose of studying the 
thermal degradation of cable jacket polymers by measuring the change of dielectric properties 
during an accelerated thermal aging experiment. 
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1.2 Dissertation Organization 
This dissertation comprises six chapters of which four chapters are manuscripts that have 
either been published or have been submitted to peer-reviewed journals. Chapter 1 provides a 
general introduction to polymer-matrix composites, nanodielectrics, and capacitive sensors, 
followed by a description of the dissertation organization, a literature review, and research 
objectives. 
Chapters 2 and 3 encompass efforts on the study of silanized Si/epoxy nanocomposites 
for structural capacitors with enhanced electrical energy storage capability. Chapter 2 describes 
the surface treatments of Si nanoparticles, the fabrication of silanized Si/epoxy nanocomposites, 
and the characterization of the synthesized nanocomposites. In chapter 3, a dielectric study of 
silanized Si/epoxy nanocomposites is conducted in order to achieve both a comprehensive 
understanding of the dielectric properties of the silanized-Si/epoxy system and to study 
polarization of the system using a sum of HN functions and a conduction term to fit the 
isothermal dielectric spectra of silanized Si/epoxy nanocomposites. 
Chapter 4 details a dielectric study of PMMA composites with a mixture of exfoliated 
and intercalated MMT nanoparticles.  The nanocomposites were characterized by various 
methods of materials analysis such as thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC), transmission electron microscopy (TEM), and X-ray diffraction (XRD). The 
dielectric relaxations and low-frequency conduction of the nanocomposites are analyzed by 
model fitting of isothermal dielectric spectra with a sum of HN functions and a conduction term.  
Chapter 5 describes the design and fabrication of an interdigital sensor to examine cable 
jacket polymer degradation during an accelerated thermal aging process. Ethylene propylene 
rubber (EPR) and cross-linked polyolefin (XLPO), as the two major NPP cable jacket materials, 
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are studied in this research. Accelerated thermal aging is conducted on cable jacket samples by 
heating duration up to 15 weeks (2520 hours) at 135 ºC. Capacitance measurements with 
interdigital sensors were conducted on cable jacket samples after they underwent an accelerated 
aging process. Other characterization was then conducted to analyze the polymer degradation 
under thermal aging process. 
Chapter 6 summarizes the general conclusion of the entire body of work and provides 
recommendations for future research on each project. 
1.3 Background and Literature Review 
1.3.1 Recent research on polymer-matrix composites and nanodielectrics 
1.3.1.1 General introduction 
Polymeric materials exhibit many advantages such as low weight, low cost of large-scale 
production, and good-to-excellent mechanical properties. The strength and stiffness of polymers 
still needs to be improved for structural applications, e.g. for bearing mechanical loads in 
aerospace, automotive, and sports equipment industries. In the last few decades, the development 
of polymer-matrix composites has successfully fulfilled these requirements by adding various 
kinds of fillers into different polymer matrices. Nowadays, PMCs have been widely applied to 
airplanes, automobiles, aerospace vehicles, and sports equipment because of their high strength 
and stiffness, and good chemical and thermal stability compared to those of polymers. The 
reinforcement types are normally continuous fibers, discontinuous fibers, whiskers, particles, and 
fabrics, as illustrated in Figure 1-1. 
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Figure 1-1. Reinforcement types of polymer-matrix composites [26] 
The application of PMCs is not limited to the structural materials, however. The 
functionality of PMCs can in principle be tailored by introducing various fillers with particular 
electrical and thermal properties. Functional PMCs have been widely researched especially after 
the rapid development of nanotechnology in the last two decades. Nanofillers have been widely 
used to tailor the performance of bulk materials [12, 14-16, 27]. Even a small loading of 
nanofillers – which generally exhibit remarkably larger surface area than micrometer-sized fillers 
of the same volume fraction – can give rise to strong interactions with the polymer matrix [28]. 
Consequently, polymer nanocomposites containing various nanofillers have significantly 
improved electrical and thermal behaviors compared with the unfilled polymer, without 
demanding any significant change in existing processing techniques. 
1.3.1.2 Nanodielectrics and nanofillers in PMCs 
Nanodielectrics are defined as polymer-matrix composites filled with various 
nanoparticles, resulting in the change of one or several dielectric properties [17, 18]. Among 
various types of nanofillers, metal oxides are commonly chosen as nanoparticles in 
nanocomposites. It has been reported that the introduction of small amounts of Al2O3, TiO2, and 
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SiO2 nanoparticles can lead to an increase of permittivity in the composites [29-31] due to the 
higher permittivity of these nanofillers relative to the matrix. Carbon nanotubes (CNTs) and Ag 
nanoparticles have also been studied. A significant increase of permittivity occurs with a small 
amount of these nanofillers because of their high conductivity but this is accompanied by high 
dielectric loss and a major decrease of breakdown strength [32-34]. Another popular nanofiller is 
silicate nanoclay because of their reinforcing effect and increase of electrical insulation to 
polymer matrices [35-37]. A uniform dispersion of platelets in composites can be achieved when 
loading is below ~ 5 wt.%. The introduction of silicate nanoclay leads only to a minor 
permittivity increase, however [38]. Silicon, as a semiconductive material, has been proven to 
effectively increase permittivity of bisphenol E cyanate ester (BECy) [25]. Importantly, the 
dielectric loss was kept below 0.017 at room temperature even while adding 44 wt.% of Si 
nanoparticles. 
Furthermore, the simultaneous enhancement of mechanical and dielectric properties by 
nanofillers suggests the suitability of nanocomposites for multifunctional applications, e.g. as 
structural capacitors [22], leading to potential major weight savings by merging electrical and 
mechanical parts together in large vehicles. In this study, PMCs filled with Si nanoparticles are 
studied for their performance for structural capacitor materials. Dielectric properties of PMCs 
filled with MMT nanoclay are studied. 
1.3.1.3 Surface modification of nanofillers 
The potential property improvements promised by adding nanofillers to polymer matrices 
are often not fully realized due to the problem of nanoparticle agglomeration. This is 
characterized by a decrease of effective filler-matrix interface area and by inhomogeneous 
particle dispersion through the matrix. Due to the strong inter-particle forces at work, 
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nanoparticle agglomeration is difficult to break through physical mixing techniques such as ultra-
sonication and planetary mixing. Nanoparticle surface treatments, however, provide an effective 
approach to breaking nanoparticle agglomerations [39-41]. This is because coupling agents 
provide chemical bonds bridging nanoparticles and the polymer matrix, contributing to more 
uniform filler dispersion throughout the polymer matrix. Organofunctional silanes are the most 
common coupling agents attributed to their typical chemical structure: Y–Si(OR)x. As shown in 
Figure 1-2, OR groups can react with hydroxyl groups on nanoparticles in organic solvents as an 
anhydrous deposition. OR groups can also convert to OH groups by hydrolytic reaction, 
followed by the condensation with OH groups on nanoparticle surfaces. The other end of silane 
coupling agents is commonly amine, which is desirable for the polymerization with epoxide 
monomers, rendering a strong bonding with the matrix as well as uniform nanoparticle 
dispersion.  
 
Figure 1-2. A schematic of (a) anhydrous and (b) hydrolytic depositions of silane coupling 
agents on nanoparticles [42] 
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1.3.2 Polymers selected in this research 
1.3.2.1 Polymers for PMC fabrication 
Epoxy resin and PMMA were selected polymer for PMC fabrication [43-46]. Epoxy resin 
has been commonly used for electrical insulation in power systems because of its excellent 
electrical insulating properties, resistance to thermal degradation and chemical stability. These 
characteristics make epoxy a good base polymer for nanoparticle improvement of electrical 
energy storage. It also shows good-to-excellent mechanical properties, rendering it suitable for 
many applications, e.g., marine components, industrial tooling, and aerospace structures. Thus, 
epoxy resin is also a good candidate for structural capacitors, leading to potentially significant 
weight saving in large industrial systems. The most common epoxy resin is bisphenol A 
diglycidyl ether (DGEBA), whose structure is shown in Figure 1-3 [47]. PMMA is an amorphous 
thermoplastic polymer possessing high strength, superior dimensional stability, and excellent 
resistance to wear. Because of these properties it is employed in many outdoor applications, such 
as aircraft windows, lighthouse lenses, and spectator protection in ice hockey rinks. Additionally, 
flexible PMMA films have been used as solar modules in the solar cell industry. The structure of 
PMMA is also shown in Figure 1-3. 
 
Figure 1-3. Molecular structures of (a) DGEBA and (b) PMMA 
1.3.2.2 Cable jacket polymers 
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Cables deployed in nuclear power plants (NPPs) suffer from degradation due to various 
environmental exposures such as heat, ionizing radiation, humidity, voltage, etc. Degradation of 
the cable jacket and electrical insulation layer has been identified as a factor that potentially 
limits the ability of cables to operate beyond their initial design life [48]. Over extended periods 
of service, the polymeric insulation and jacket may eventually fail, no longer properly insulating 
the cable and potentially leading to current-arcing and associated loss of power or control 
function [49]. Ethylene propylene rubber (EPR) and cross-linked polyolefin (XLPO) are two 
major NPP cable jacket materials because of their excellent electrical insulation, low density, and 
low manufacturing cost [50]. Inorganic fillers are normally added into the polymer matrix to 
improve the rigidity, flame retardancy, and abrasion resistance of polymers. 
1.3.3 Fundamentals of dielectric properties 
A material’s response to an applied electric field is commonly utilized to categorize the 
material as a conductor, semiconductor, or insulator. A perfect insulator, which does not exist, 
allows no current flow in response to an applied electric field. All insulators can be polarized by 
an applied electric field and are termed dielectrics. Dielectric polarization is described by the 
slight separation of charge carriers to create an electric dipole, which are aligned with the 
direction of the electric field in isotropic materials, as shown in Figure 1-4. Further, basic 
polarization mechanisms are electronic polarization, ionic polarization, and dipolar polarization. 
Electronic polarization refers to the slight separation of positive and negative charges in the atom 
induced by an external electric field. Ionic polarization is the shift of positive and negative ions 
in ionic crystals under an external field. The dipolar polarization is caused by the rotation and 
distortion of permanent dipoles in molecules by an external electric field. In this research, the 
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dipolar polarization is particularly studied because it is the characteristic polarization mechanism 
in polymers with polar main chains and side functional groups.  
 
Figure 1-4. A schematic of a parallel-plate capacitor 
The capability for charge separation in a material, in the case of atomic or ionic 
polarization, and for dipole ordering in the case of dipolar polarization, is quantified by the 
polarizability, α, which is defined as: 
       (1-1)p E  
where p is the induced dipole moment and E is the applied electric field. The polarization P, that 
is, the dipole moment per unit volume, is proportional to a material’s polarizability. The 
relationship among the electrical displacement D, polarization P and a static applied electrical 
field E is: 
0        (1-2)D E P 
 
When polarized molecules are aligned along the E direction, the relationship of vectors can be 
simplified by: 
0        (1-3)rD E 
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in which ε0 is the permittivity of free space and εr is the relative permittivity, or dielectric 
constant, when dielectrics are subject to a static electric field. The dielectric constant εr, an 
intrinsic property of materials, is proportional to the dielectric’s capability of electrical energy 
storage:  
2
0
1
       (1-4)
2
r brU E   
where U is the electrical energy density and Ebr is the dielectric breakdown strength, which 
means the maximum applied electric field a dielectric can withstand before breakdown. 
When dielectrics are subject to an alternating field, it is possible that the polarization is 
not able to follow the change of the external field. The energy loss is attributed to the delay of 
molecule orientation or distortion, or in other words, relaxation or resonance with respect to the 
change of the alternating field. Therefore, the dielectric constant εr can be described by a 
complex number, 
* ' ''        (1-5)r r ri   
 
in which εr
'
 is the real part and εr
''
 is the imaginary part. Equation 1-3 remains valid with the 
complex real permittivity. Equation 1-4 holds with the real relative permittivity, i.e., dielectric 
constant, εr
'
. The imaginary part, εr
''
, can be expressed in the following equation, 
''
0
      (1-6)r




 
where σ is a “dielectric conductivity”, which represents a sum over all dissipative effects of the 
material including relaxations and electrical conduction, ω is angular frequency. The dielectric 
loss can be quantified by the loss tangent tan δ, as shown in the following equation. 
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''
'
tan       (1-7)r
r




 
The dielectric breakdown strength, Ebr, is another critical property indicative of the 
material’s ability to store energy. During the breakdown process, bonded charge carriers break 
free, leading to major conduction for a short time (on the order of nanoseconds). Polymer 
dielectrics usually show relatively high dielectric breakdown strength. For example, PTFE 
(Teflon, Insulating Film) has breakdown strength of 60 - 173 MV/m. 
A capacitor is an electrical energy storage component consisting of two oppositely 
charged conductors separated by a dielectric. The simplest capacitor, a parallel-plate capacitor, is 
shown in the Figure 1-4. 
The capacitance of this capacitor is, 
* *
0        (1-8)r
A
C
d
   
A is electrode plate area and d is the dielectric thickness. The real part of capacitance indicates 
the energy storage capability of a capacitor. The real relative permittivity, again, is proved to be 
a key factor for high real capacitance. PMCs studied in Chapters 2 and 3 were fabricated as 
polished disc samples.  Capacitance was measured with two parallel electrodes and their 
permittivity was inferred using equation 1-8. 
The permittivity of a material can also be measured by a fringing field capacitor. As 
shown in Figure 1-5(c), two coplanar electrodes are placed on the surface of the sample. The 
fringing electric field is projected into the material to measure the capacitance. The method is 
used in Chapter 5 for monitoring the properties of cable jacket polymers as a function of thermal 
aging time. 
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Figure 1-5. Schematic diagram showing transformation: (a) of a parallel plate capacitor; 
(b) through an intermediate configuration; and (c) to a fringing field capacitor.  ε denotes 
the dielectric material and V+/- denotes the electrode voltage and polarity [51] 
 1.4 Research Objectives 
1.4.1 Silanized-silicon/epoxy nanocomposites for structural capacitors with enhanced 
electrical energy storage capability 
The suitability of Si/epoxy nanocomposites as energy storage elements for structural 
capacitors was investigated by: 1. Evaluating the effectiveness of surface treatments with two 
different silane coupling agents on Si nanoparticles; 2. Investigating the highest loading of Si 
nanoparticles achievable with different silane treatments; 3. Conducting thermal analysis to 
evaluate the success of nanofiller surface treatments in improving the nanoparticle dispersion; 4. 
Conducting dielectric spectroscopy over a frequency range from 10
-2
 to 10
6
 Hz, at temperatures 
from -25 to 75 °C; 5. Conducting dynamic mechanical testing to measure storage modulus and 
glass transition temperatures (Tg) of nanocomposites for the application of structural capacitors. 
1.4.2 Dielectric properties of silanized-silicon/epoxy nanocomposites 
To gain insight into dielectric properties of silanized-Si/epoxy nanocomposites, more 
studies were conducted on: 1. Model fitting of dielectric spectra of Si/epoxy nanocomposites 
with a sum of HN functions and a conduction term by breaking the merged dielectric relaxations 
and low-frequency conduction into separate individual relaxations and low-frequency conduction 
terms; 2. Analysis of the frequency-dependence of the polymer molecular relaxations and the 
MWS relaxation; 3. Two-parameter Weibull distribution analysis to evaluate the dispersity of 
electrical failure locations in silanized-Si nanocomposites. 
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1.4.3 Dynamics of poly(methyl methacrylate)–montmorillonite nanocomposites: a dielectric 
study 
PMMA nanocomposites with a mixture of exfoliated and intercalated MMT nanoparticles 
were investigated by: 1. Fabrication of PMMA/MMT nanocomposites; 2. Characterization by 
various methods of materials analysis such as thermogravimetric analysis (TGA), differential 
scanning calorimetry (DSC), transmission electron microscopy (TEM), and X-ray diffraction 
(XRD), and broadband dielectric spectroscopy (BDS); 3. A dielectric study of PMMA/MMT 
nanocomposites by fitting dielectric spectra with a sum of HN functions and low-frequency 
conduction term, analyzing the frequency-dependence of the polymer molecular relaxations (α- 
and β-) and the MWS relaxation.  
1.4.4 A capacitive sensor for nuclear power plant cables monitoring 
An interdigital sensor was designed and fabricated to examine cable jacket polymer 
degradation during an accelerated thermal aging process. Ethylene propylene rubber (EPR) and 
cross-linked polyolefin (XLPO) were studied in this research. This research was conducted by: 1. 
Accelerated thermal aging on cable jacket samples by heating duration up to 15 weeks (2520 
hours) at 135 ºC; 2. Capacitance measurements with interdigital sensors on cable jacket samples 
after they underwent an accelerated aging process; 3. Thermal analysis on aged samples to 
analyze the degradation of both cable jackets under accelerated thermal aging; 4. Scanning 
electron microscopy (SEM) and energy dispersive spectrometry (EDS) to identify the dispersion 
and constituents of inorganic additives in cable jackets; 5. Tensile tests to acquire elongation-at-
break (EAB) data and the calculation of correlation between EAB and dielectric properties from 
capacitive sensors to study the success of using capacitive sensors for NPP cable jacket integrity 
monitoring.   
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2.1 Abstract 
The surface treatment of Si nanoparticles (nano-Si) by silane coupling agents is shown to 
contribute to improved dispersion of nano-Si in an epoxy matrix, leading to a 25 % increase of 
dielectric breakdown strength, a 38 % increase in dielectric constant, and no significant increase 
in loss tangent at 10 wt.% silanized-Si loading, compared to neat epoxy, over a wide temperature 
range. The extremely low loss tangent of these polymer-matrix nanocomposites is observed over 
a wider frequency range (10
-2
 to 10
6
 Hz) than previously reported. The silanization of Si 
nanoparticles also doubles the maximum filler loading and simplifies the fabrication process of 
the nanocomposite. Additionally, silanized-Si imparts a higher dielectric breakdown strength 
(Ebr) than that of the pristine Si filled nanocomposite at the same nanofiller loading, contributing 
to an increased energy storage capability. Furthermore, the introduction of 10 wt.% silanized 
nano-Si increases the storage modulus of epoxy by 40 % at 30 ºC and the glass transition 
temperature shows preserved thermal stability.  Silanized Si/epoxy nanocomposites can therefore 
be regarded as promising candidates for structural capacitors in engineering systems. 
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2.2 Introduction 
As nanotechnology developed rapidly in the last two decades, nanoparticle fillers, with 
significantly different property-enhancing ability than microparticle fillers, have been widely 
used to tailor the performance of bulk materials [1-5]. For instance, the introduction of 
nanofillers into insulating polymers suggests polymer-matrix nanocomposites are promising 
candidates for electrical energy storage because of the significantly increased dielectric constant 
and highly preserved dielectric loss [6, 7]. Furthermore, the simultaneous enhancement of 
mechanical and dielectric properties by nanofillers suggests the suitability of nanocomposites for 
multifunctional applications, e.g. as structural capacitors [8], leading to potential major weight 
savings by merging electrical and mechanical parts together in large vehicles. In this study, 
Si/epoxy nanocomposites are developed for structural capacitors with enhanced electrical energy 
storage capability.  
Epoxy resin, with its excellent electrical insulating properties, resistance to thermal 
degradation, and chemical stability, is a good candidate host polymer matrix for nanofiller 
addition towards improvement of electrical energy storage.  Additionally, it shows good-to-
excellent mechanical properties, making epoxy resin a good candidate for structural capacitors. 
A variety of conductive and metal oxide nanoparticles have been studied to develop epoxy-based 
nanocomposites for capacitors by tailoring its dielectric constant and dielectric breakdown 
strength [9, 10]. The positive effect of adding nanofiller, however, might be eliminated by the 
agglomeration of nanoparticles due to their extremely high surface-to-volume ratio and surface 
energy. To achieve high-performance capacitive polymer-matrix nanocomposites, therefore, 
requires uniform nanoparticle dispersion. Simple physical mixing techniques in sample 
processing, such as ultra-sonication, typically are not sufficient to break the inter-particle forces 
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to prevent nanoparticles clusters. Nanoparticle surface treatments, on the other hand, provide an 
effective approach to breaking nanoparticle agglomerations. This is because coupling agents 
provide chemical bonds bridging nanoparticles and the polymer matrix, contributing to more 
uniform filler dispersion throughout the polymer matrix [11]. In this project, Si nanoparticles are 
chemically treated by silane coupling agents to develop a uniform dispersion of the nanoparticles 
throughout the matrix.  
Organofunctional silanes are the most common coupling agents, with chemical structure: 
Y–Si(OR)x. As shown in Figure 2-1, OR groups can convert to OH groups by hydrolytic 
reaction, followed by the condensation with OH groups on the surfaces of the nanoparticles. OR 
groups can also react with hydroxyl groups on nanoparticles in organic solvents as an anhydrous 
deposition. The other side of silane coupling agents is commonly amine, which is desirable for 
the polymerization with epoxide monomers, rendering strong bonding with the matrix as well as 
uniform nanoparticle dispersion. 
 
Figure 2-1. A schematic of (a) anhydrous and (b) hydrolytic depositions of silane coupling 
agents on nanoparticles 
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In this study, the suitability of Si/epoxy nanocomposites is investigated as an energy 
storage element for structural capacitors. The pristine silicon (Si) nanoparticle, with their natural 
insulating SiO2 nano-layer (typically 2-3 nm thick), has been demonstrated as a high-
performance nanofiller for capacitive polymer-matrix composites, exhibiting low dielectric loss, 
high modulus, and low density compared to other nanofillers [12]. Further, the natural insulating 
SiO2 nano-layer on Si nanoparticles prevents significantly reduced dielectric breakdown strength 
and low percolation threshold for conduction that is observed in metal filled polymer-matrix 
composites [6]. Here, surface treatments of Si nanoparticles (nano-Si) are conducted, using two 
different silane coupling agents. The silane coupling agents reduce major nanoparticle 
agglomerations in Si/epoxy nanocomposites, which leads to an increased dielectric breakdown 
strength of nanocomposites. Furthermore, the highest loading of Si nanoparticles is elevated with 
silane treatments. Dielectric constant of the nanocomposites increases with the Si loading while 
the low dielectric loss of the epoxy resin has been highly preserved over a wide temperature 
range. On the other hand, the storage modulus of nanocomposites increases with Si loadings and 
the thermal stability of the epoxy resin is maintained, shown by a negligible change in glass 
transition temperatures (Tg). 
The focus of this study is on fabrication and experimental assessment of these novel 
nanocomposites.  Other work has, however, examined the effectiveness of predictive models of 
the dielectric properties of similar nanocomposites.  In Ref. [13], for example, it has been shown 
that the permittivity of a silicon/bisphenol E cyanate ester nanocomposite is successfully 
modeled using three-phase Wiener bounds in which an interphase layer of modified polymer, 
with thickness of approximately 30 nm is assumed to exist between the nanoparticle and un-
modified polymer. 
23 
 
2.3 Experimental 
2.3.1 Surface treatment of Si nanoparticles 
Si nanoparticles (average particle diameter 130 nm) were acquired from a commercial 
source (Nanostructured & Amorphous Materials, Inc., USA). The acquired Si nanoparticles were 
heat treated in air at 500 °C for 2 hours to remove adsorbed moisture on the nanoparticle surface 
and to obtain a desirable condition for treatment with silane. The natural SiO2 shell of Si 
nanoparticles performs as an excellent substrate for silanization [14]. Two types of silane 
coupling agents, (3-aminopropyl)triethoxysilane (designated here as ‘SL1’) and 3-(m-
aminophenoxy)propyltrimethoxysilane (designated here as ‘SL2’), were applied. Their chemical 
structures are shown in Figure 2-2. SL1 is commonly known as “APTES”; a low-cost coupling 
agent. SL2 is chosen to take advantage of the benzene ring in its chemical structure contributing 
to a π-π interaction among the aromatic rings in the epoxy resin [15]. Si nanoparticles and silane 
coupling agents were dissolved in 200 mL tetrahydrofuran (THF) in a weight ratio of 1:4. The 
mixture was kept in an oil bath at 60 °C for 24 hours. Then the mixture was centrifuged to 
acquire silanized Si nanoparticles. The products were washed from three to five times in THF to 
eliminate physically-attached silane coupling agents.  For brevity, Si nanoparticles treated with 
SL1 and SL2 are designated as SL1-Si and SL2-Si, respectively, from here on. 
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Figure 2-2. Chemical structure of (a) (3-aminopropyl)triethoxysilane and (b) 3-(m-
aminophenoxy)propyltrimethoxysilane 
2.3.2 Si/epoxy nanocomposite synthesis 
Epoxy monomers (DER 332, Sigma-Aldrich, USA) were mixed with Jeffamine hardener 
(D-230, Huntsman, USA) in a weight ratio of 3:1. Si nanoparticles were incorporated into the 
mixture, then sonicated and mixed at 1-2 minute intervals with a sonic dismembrator (Model 
100, Fisher Scientific, USA). The mixture was further processed in a planetary mixer 
(Mazerustar KK50S, KURABO Industries Ltd., Japan) for approximately 30 minutes to remove 
possible air bubbles and to improve particle dispersion. The resulting slurry was injected into a 
stainless steel mold using a 10 mL syringe. The molds were moved into a rotational oven to cure 
the polymer for 2 hours at 120 °C followed by a 2-hour post-cure at 150 °C, in the same oven. A 
rotational oven contains a sample holder mounted on a 360-degree rotary platform.  The rotation 
helps to prevent settling of the nanoparticles before the polymer cures.  Four samples were 
fabricated: at 10 wt.% and 20 wt.% surface-treated Si nanoparticle loadings with both types of 
silane coupling agent (SL1 and SL2). For comparison, one control sample of neat epoxy and two 
nanocomposites were fabricated with 5 wt.% and 10 wt.% pristine Si nanoparticle (designated as 
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p-Si) loadings. Disk-shaped samples with 22 mm diameter and 1 mm thickness were fabricated 
and machined for mechanical testing and permittivity measurement.  Samples for dielectric 
breakdown testing were polished down to 0.23 mm thickness. 
2.3.3 Characterization 
2.3.3.1 FT-IR, rheology, imaging, and thermal analysis 
Fourier transform infrared spectroscopy (FT-IR) was conducted to verify the presence of 
chemical bonds of silane coupling agents on the nanoparticles. Thermogravimetric analysis 
(TGA, Q50, TA Instruments, USA) was conducted in air in order to accurately determine the 
amount of silane coupling agents on the nanoparticle surface. Prior to TGA measurements, the 
surface-treated Si nanoparticles were heated above the boiling points of the silanes (217 °C for 
SL1 and 125 °C for SL2) to eliminate physically-attached silane from the nanoparticle surfaces. 
The viscosity of uncured Si/epoxy suspensions was measured using an AR2000ex stress-
controlled rheometer (TA Instruments, USA) with a forced-gas environmental test chamber, 
utilizing a parallel plate geometry (25-mm diameter disposable aluminum plates). The effect on 
sample processing, of the nanoparticle surface treatment, was analyzed by measuring suspension 
viscosity as a function of shear rate from 0.1 to 100 s
-1
 (five points per decade). Dynamic 
mechanical analysis (DMA) was conducted to investigate storage modulus (E′) and glass 
transition temperature (Tg) of the nanocomposites using a Q800 model DMA instrument (TA 
Instruments, USA) at a heating rate of 3 °C/min, with a sample dimension of 20 × 1 × 1 mm
3
 to 
within 3 % tolerance. The distribution of Si nanoparticles in the polymer matrix was observed 
from scanning electron microscopy (SEM) (Tecnai F20, FEI, USA) of fracture surface images. 
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2.3.3.2 Dielectric properties 
Dielectric properties of nanocomposites and of the neat epoxy resin were characterized 
with a dielectric spectrometer (Novocontrol Technologies, Germany) over a frequency range of 
10
-2
 to 10
6
 Hz at room temperature. The temperature dependence of dielectric properties of 
Si/epoxy nanocomposites was then investigated by a temperature scan from -25 to 75 °C with 25 
°C increment. Dielectric breakdown strength of the nanocomposites was evaluated using a 
CEAST Dielectric Rigidity Instrument (Instron, USA) at a voltage ramp rate of 0.5 kV s
-1
 and a 
current intensity of 10 mA.  Sample thickness was controlled at 0.23 ± 0.01 mm for all 
breakdown-strength samples. Between 14 and 16 measurements of dielectric breakdown strength 
were made on each sample.  The polarization under applied electric field was measured by a 
standardized ferroelectric test system (RT-66A, peak voltage 4 kV, Radiant Technologies) at 2 
Hz at room temperature with a peak field of 130 kV/cm (i.e., 13 V/μm).  
2.4 Results and discussion 
2.4.1 Si nanoparticle surface treatments  
FT-IR spectra, shown in Figure 2-3, reveal the silane chemical bonding on Si 
nanoparticles by their specific functional groups. The spectra for pristine Si (designated as p-Si) 
reveals only Si–Si bonds at a wavenumber of 611 cm-1, Si-O-Si bonds at a wavenumber of 1074 
cm
-1
, and O-H bonds with a broad peak at a wavenumber of 3500 cm
-1
. In the case of SL1-Si, 
however, a new amine peak is observed at wavenumber ~1640 cm
-1
[16]. Another peak at 1390 
cm
-1
 is attributed to δ(CH3) mode of CH3 group in ethoxy moieties [17]. Furthermore, the curve 
of SL2-Si shows a specific peak of C=C bond within the benzene ring at wavenumber 1595 cm
-1
, 
partly overlapping with the amine peak [18]. These emergent peaks in the FT-IR spectra 
demonstrate successful treatment of the Si nanoparticles with the silane coupling agents. 
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Figure 2-3. FT-IR spectra of pristine and silane-treated Si nanoparticles 
Results of TGA tests on pristine and silanized-Si nanoparticles are shown in Figure 2-4. 
It is observed that the p-Si weight does not change below 600 ºC while both SL1-Si and SL2-Si 
exhibit significant weight loss, indicating successful silane attachments on these nanoparticles. It 
is also observed that more SL2 coupling agents are bonded to the nanofiller, rendering a better 
separation of particles in the composites. Furthermore, the derivative weight change peaks of 
SL2-Si are observed at higher temperatures than those of SL1-Si, an observation that provides 
evidence of the benzene ring decomposition in SL2. The observed a weight increase for all 
materials above 600 ºC is because of the reaction between Si nanoparticles and TGA atmosphere 
gases (O2 and N2) which occurs at these temperatures. 
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Figure 2-4. TGA results of pristine and silane-treated Si nanoparticles 
The silanization of Si nanoparticles led to a significant advantage in sample processing, 
demonstrated by results of rheology tests, shown in Figure 2-5. It is observed that viscosity of 
neat epoxy is low, < 0.2 Pa s, and independent of shear rate. Suspensions of p-Si within epoxy, 
however, introduce a significant shear rate dependence, giving rise to a very high viscosity of the 
nanocomposite with 10 wt.% p-Si at low shear rates, ~10 Pa s. It should be mentioned that the 
low shear rate range, < 10 s
-1
, corresponds to the actual sample preparation conditions.  The high 
viscosity makes it difficult to process a sample with nano-Si loading higher than 10 wt.%. The 
silane treatment of nano-Si solves this problem by significantly decreasing the viscosity of the 
Si/epoxy suspension and significantly reducing its shear-rate dependence. The maximum 
silanized-Si loading achieved in this research is 20 wt.%, contributing to a higher energy storage 
capacity of the resulting nanocomposite. Thus, we have shown that use of silane coupling agents 
is an effective method by which the maximum nanoparticle loading in this system can be 
increased. 
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Figure 2-5. Viscosity of Si/epoxy suspensions before curing as a function of shear 
Fracture surfaces of p-Si, SL1-Si, and SL2-Si, each filled with 10 wt.% Si nanoparticles, 
were imaged by SEM in order to examine the effect of silanization on the dispersion of nano-Si 
in the epoxy matrix. Significant agglomeration are dry spots are observed in the nanocomposite 
with pristine Si nanoparticles, whereas those containing silanized Si nanoparticles demonstrate a 
more homogeneous distribution. The increased uniformity of nanoparticle dispersion is 
especially remarkable in the case of SL2-Si, Figure 2-6(c). Particularly, the treatment of SL2 
eliminates large dry spots and breaks large agglomerates in the composite, Figure 2-6(f), 
contributing to a significant increase of dielectric breakdown strength, which will be discussed in 
the next section. It should be noted that the micron-scale agglomeration is not eliminated even 
with silane surface treatments, however. 
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Figure 2-6. Fracture surfaces of nanocomposites filled with 10 wt.% Si nanoparticles: (a) p-
Si, (b) SL1-Si, and (c) SL2-Si; and the magnified areas surrounded by the dashed lines: (d) 
p-Si magnified, (e) SL1-Si magnified, (f) SL2-Si magnified 
2.4.2 Dielectric properties 
Figure 2-7 shows dielectric properties, dielectric constant εr′ and loss tangent tan δ, of 
Si/epoxy nanocomposites compared with those of neat epoxy over the frequency range from 10
-2
 
to 10
6
 Hz, at room temperature. It is observed that an increase of 38 % in εr′ occurs with 20 wt.% 
SL2-Si loading at 0.01 Hz. On the other hand, the maximum observed tan δ is not increased, but 
maintained at ~3.2 % with 20 wt.% SL2-Si loading, preserving the low dielectric loss of neat 
epoxy resin. Compared to other core-shell structure nanofillers, e.g., aluminum and silver [6], Si 
exhibits an excellent low energy loss characteristic over a wide frequency range (10
-2
 to 10
6
 Hz). 
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Figure 2-7. Dielectric properties of selected Si/epoxy nanocomposites compared with neat 
epoxy data at room temperature 
The temperature dependence of dielectric properties of neat epoxy and silanized-Si/epoxy 
nanocomposites were studied to investigate their potential for application at high temperatures. 
As shown in Figure 2-8(a), neat epoxy exhibits a weak temperature dependence of the dielectric 
constant over the temperature range studied; from -25 to 75 ºC.  The dielectric loss (tan δ) of neat 
epoxy also remains low (< 4 %) over this temperature range.  In the nanocomposites filled with 
20 wt.% SL1-Si (Figure 2-8(b)) and SL2-Si (Figure 2-8(c)), there is no significant influence of 
the nano-Si on the relaxation observable at around 1 kHz and above. There is, however, 
significant influence on low-frequency conduction by the nano-Si.  In particular, the conductivity 
that emerges below 1 Hz at 75 ºC in neat epoxy is much stronger in SL1-Si.  The two 
nanocomposites are different in this regard, exhibiting different tan δ at 50 ºC and 75 ºC. The 
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composite filled with SL1-Si shows stronger conduction whereas the introduction of SL2-Si 
suppresses the conduction at 50 ºC altogether and controls the maximum tan δ to remain within 
an acceptable range (< 5 %) at 75 ºC, which is desirable for capacitive energy storage. 
 
Figure 2-8. Dielectric properties of (a) neat epoxy and nanocomposites with 20 wt.% (b) 
SL1-Si and (c) SL2-Si at a series of temperatures from -25 to 75 ºC 
Figure 2-9 compares the dielectric breakdown strength (Ebr) of Si/epoxy nanocomposites.  
Results shown are an average of between 14 and 16 measurements per sample.  The error bar is 
obtained as one standard deviation in those measured values. The different influence of the two 
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silane coupling agents is shown in the significant difference between Ebr of composites filled 
with 20 wt.% nano-Si.  Comparing with the value for neat epoxy, Ebr decreases for the composite 
filled at 20 wt.% with SL1-Si whereas the sample filled at 20 wt.% with SL2-Si exhibits a 
competitive value of Ebr and the lowest standard deviation of all the samples. This phenomenon 
is consistent with the improved Si nanoparticle dispersion by the SL2 treatment, shown in Figure 
2-5(c). 
 
Figure 2-9. Dielectric breakdown strength of neat epoxy and of Si/epoxy nanocomposites, at 
room temperature 
Dielectric breakdown data of materials is commonly presented using Weibull analysis.  
For the materials studied in this paper, detailed Weibull analyses are presented in [19] along with 
a discussion of their temperature-dependent permittivity spectral characteristics.  Briefly, the 
cumulative distribution function (CDF) for the a two-parameter Weibull distribution is given by 
[20], 
 ; , 1 exp    (2-1)brbr
E
F E

 

  
    
   
   
where α represents Ebr at which the failure probability is 63.2 % and β represents the width of the 
Weibull distribution. Table 2-1 compares the scale (α) and shape (β) parameters of 
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nanocomposites filled with 10 wt.% nanofillers. The significant increase of α demonstrates, 
again, that silanization is an effective method to increase Ebr of the composite. Furthermore, the 
narrow distribution of 10 wt.% SL2-Si data points corresponds to the best nanofiller dispersion 
shown in Figure 2-6, indicating a superior performance of the SL2 coupling agent. 
Table 2-1. The Weibull-statistical scale (α) and shape (β) parameters of Si/epoxy 
nanocomposites filled with 10 wt.% nanoparticles, the overall uncertainty is ±3% [19] 
Sample α (V/μm) β 
10 wt.% p-Si 44.1 6.4 
10 wt.% SL1-Si 56.3 4.7 
10 wt.% SL2-Si 54.1 8.7 
 
The energy density of capacitors with linear dielectrics can be expressed by the following 
equation: 
2
max 0
1
       (2-2)
2
r brU E   
in which Umax is energy density, ε0 is vacuum permittivity, εr is dielectric constant, and Ebr is 
dielectric breakdown strength. Table 2-2 shows that the nanocomposite filled with 10 wt.% SL2-
Si gives the best improvement in energy storage capability of the samples studied here, bringing 
a 34 % increase in the energy density compared with that of neat epoxy. It is observed that the 
nanocomposite filled with 10 wt.% SL1-Si renders a same energy storage capability 
improvement. The inferior nanofiller dispersion of this composite (shown in Figure 2-6(b)), 
however, gives rise to a higher uncertainty of the sample quality, expressed by the greatest error 
bar of Ebr in Figure 2-9 and lowest β parameter in Table 2-1.  Figure 2-10 shows developed 
polarization of neat epoxy and nanocomposites under applied cyclic electric field. The “wave” 
shape of curves is due to the sensitivity of the tester. It is observed that the extremely low loss 
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characteristic of neat epoxy, as evidenced by the closed nature of the loops, has been preserved 
in both nanocomposites at the highest filler loading. Furthermore, the greater slope of the 
polarization versus electric field response of the nanocomposites when compared with that of 
neat epoxy shows that polarizability of the polymer has been increased with the introduction of 
silanized-Si nanoparticles. It should be noticed, however, the energy density of this novel 
composite is still not very competitive to major energy storage polymers [21,22] even though the 
introduction of silanized-Si nanoparticles increases the energy density of neat epoxy 
significantly. 
Table 2-2. Energy density of Si/epoxy composites compared with that of neat epoxy at 25 ºC 
and 0.01 Hz 
 
εr Ebr (V/μm) Umax (J/cm
3
) 
Change (%) 
in Umax 
neat epoxy 3.75 48 ± 9 0.038 n/a 
5 wt.% p-Si 3.99 43 ± 10 0.033 - 13 
10 wt.% p-Si 4.48 41 ± 8 0.033 - 13 
10 wt.% SL1-Si 4.35 52 ± 12 0.051 + 34 
20 wt.% SL1-Si 5.44 29 ± 7 0.020 - 47 
10 wt.% SL2-Si 4.40 51 ± 8 0.051  + 34  
20 wt.% SL2-Si 5.17 41 ± 4 0.038 0 
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Figure 2-10. P vs. E curves under bipolar electric fields of neat epoxy and nanocomposites 
2.4.3 Thermal analysis and storage modulus 
Measured storage modulus and mechanical tan δ of neat epoxy and Si/epoxy 
nanocomposites as a function of temperature are shown in Figure 2-11.  The storage modulus 
increases as the Si nanoparticle loading increases, leading to a 40 % higher storage modulus than 
that of neat epoxy at 30 ºC in the case of 20 wt.% SL2-Si, for example. The glass transition 
temperature (Tg), on the other hand, indicated by peaks in tan δ, is preserved or slightly elevated 
with the introduction of silanized-Si nanoparticles. This confirms that the thermal stability of the 
neat epoxy is preserved on addition of Si nanoparticles and supports their suitability as potential 
structural capacitor materials. 
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Figure 2-11. Storage modulus and mechanical tan δ of neat epoxy and Si/epoxy 
nanocomposites as a function of temperature 
2.5 Conclusions 
Surface treatments of Si nanoparticles are successfully achieved by two types of silane 
coupling agents for the synthesis of Si/epoxy nanocomposites as a novel material for structural 
capacitor energy storage elements.  Si/epoxy nanocomposites show significantly increased εr′ 
and preserved tan δ compared to those of neat epoxy. Compared to common nanofillers that 
enhance the dielectric constant of polymers, Si nanoparticles exhibit better energy saving 
performance of the resulting composite through its low loss tangent over a wide frequency range. 
Further, the nanocomposites with silanized nano-Si show an increase of breakdown strength (Ebr) 
compared to that of pristine Si-filled composites, revealing an elevated energy storage capability 
due to the surface treatment of the nanoparticles. On the other hand, storage modulus of neat 
epoxy resin is increased with the introduction of surface-treated Si nanoparticles. Tg of the 
nanocomposites demonstrates a preserved thermal stability of epoxy in the case of silane-treated 
nano-Si. These lead to a potential use of Si/epoxy nanocomposites as materials for structural 
capacitors in mechanical systems. Of the compositions studied here, 10 wt.% SL2-Si is the most 
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promising candidate, showing + 34 % increase in energy density at 25 ºC and 0.01 Hz and + 19 
% increase in storage modulus compared with neat epoxy. 
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CHAPTER 3: DIELECTRIC PROPERTIES OF SILANIZED-SILICON/EPOXY 
NANOCOMPOSITES 
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3.1 Abstract 
The dielectric properties of silanized-Si/epoxy nanocomposites have been studied.  Two 
types of silanizing agents were employed: (3-Aminopropyl)triethoxysilane (SL1) and 3-(m-
Aminophenoxy)propyltrimethoxysilane (SL2). Isothermal dielectric spectra of nanocomposites 
covering a frequency range from 10
-2
 to 10
6
 Hz at temperatures from -25 to 75 °C were fitted by 
Havriliak-Negami (HN) dielectric relaxation functions combined with a power-law conduction 
term. The presence of β-relaxation caused by polar O-H and N-H groups was observed in both 
neat epoxy and in the silanized-Si/epoxy nanocomposites. Maxwell-Wagner-Sillars (MWS) 
interfacial polarization relaxation was also observed in silanized-Si/epoxy nanocomposites, 
introduced by the emerging interface between silanized-Si nanoparticles and the polymer matrix. 
Both β- and MWS relaxations were observed to follow an Arrhenius law. The activation energy 
of the β-relaxation did not change significantly for the nanocomposites, compared with the neat 
epoxy. The activation energy of the MWS-relaxation decreased substantially, on the other hand, 
due to increasing size of the interfacial area as a consequence of reducing the rate of nanofiller 
agglomeration by silanization with SL2.  Further, two-parameter Weibull distribution analysis 
was applied to study the dielectric breakdown behavior of the nanocomposites. 3-(m-
Aminophenoxy)propyltrimethoxysilane (SL2) showed superior performance in preserving the 
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good insulating properties of neat epoxy, exhibiting high dielectric breakdown strength and a 
narrow distribution of failure points.     
3.2 Introduction 
In recent years, the research of polymer-matrix nanocomposites has been widely 
conducted based on the rapid development of nanoparticles with their novel properties [1-3]. 
Polymers find widespread use because of their particular properties such as light weight, high 
chemical resistance, good mechanical properties, and good electrical insulation properties. The 
introduction of a small amount of nanoparticles is an effective approach to tailoring polymer 
performance, attributed to their ultra-high surface-to-volume ratio [4-6]. In the last decade, 
capacitive polymer-matrix nanocomposites have been developed taking advantage of the good 
electrical insulating property of polymers [7-9]. Various types of nanofillers have been studied 
with the goal of increasing the energy storage ability of the resulting nanocomposite, compared 
with the host polymer. Ferroelectric ceramic nanofillers, such as barium titanite (BTO), have 
been studied, being attractive due to their high dielectric permittivity [10]. Conductive 
nanoparticles, such as carbon nanotubes (CNTs) and Ag nanoparticles, have been investigated as 
fillers to the polymer-matrix system because their high electrical conductivity gives rise to highly 
increased permittivity of the nanocomposite [8, 9].  
The observed high dielectric loss of nanocomposites filled with conductive nanoparticles 
is not acceptable in many applications, however. Unacceptably high dielectric loss is often 
caused by the highly conductive nature of some nanofillers and inhomogeneous particle 
dispersion which leads to conductive losses in the composite [9]. In our previous studies, we 
have developed capacitive polymer-matrix nanocomposites filled with Si nanoparticles [11]. The 
particular core-shell structure of Si nanoparticles, which exhibit a coating of electrically-
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insulating silica a few nanometers thick, preserves the low dielectric loss at the approximate 
level of that of the host polymer. Additionally, in order to achieve uniform nanofiller dispersion, 
silane coupling agents were used to treat the surface of the Si nanoparticles before composite 
processing [12]. The surface treatments of nanoparticles successfully break large-scale 
agglomerates by silane chemical bonding with O-H group on the nanoparticle, rendering highly 
improved nanofiller dispersion in the epoxy resin. Compared to neat epoxy resin, dielectric 
permittivity increases while the low dielectric loss and high dielectric breakdown strength is 
preserved in our Si/epoxy system, contributing to a promising application as materials for 
capacitive energy storage [12]. 
In this paper, a dielectric study of silanized Si/epoxy nanocomposites is conducted in 
order to achieve both a comprehensive understanding of the dielectric properties of the silanized-
Si/epoxy system and to study the molecular dynamics of the system. The dielectric complex 
permittivity of the Si/epoxy nanocomposites was measured over a frequency range from 10
-2
 to 
10
6
 Hz, at temperatures from -25 to 75 °C.  Since the dielectric relaxations and low-frequency 
conduction of the nanocomposites merge together over certain frequency and temperature 
ranges, a sum of Havriliak-Negami (HN) functions and a conduction term were fitted to the data 
in order to separate individual relaxations from low-frequency conduction. The frequency-
dependence of the polymer molecular relaxations and the interfacial (MWS) relaxation was 
analyzed. The low-frequency conduction was described by a power-law relation. Further, two-
parameter Weibull distribution analysis was adopted to analyze the dispersity of electrical failure 
locations in silanized-Si nanocomposites.  
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3.3 Experiment 
3.3.1 Sample preparation and testing 
The sample preparation of Si/epoxy nanocomposites is described in a previous paper 
[12]. Two types of silane coupling agents, (3-Aminopropyl)triethoxysilane (designated here as 
‘SL1’) and 3-(m-Aminophenoxy)propyltrimethoxysilane (designated here as ‘SL2’), were 
purchased for treating nanoparticle surfaces, respectively. Their chemical structures are shown in 
Figure 3-1. SL1 is normally designated as APTES and is a common low-cost coupling agent. 
SL2 was selected in order to take advantage of the benzene ring in its chemical structure, 
contributing to π-π ponding with the benzene structure in the epoxy resin. Si nanoparticles 
treated by silane coupling agents are designated as SL1-Si and SL2-Si. Four composites were 
fabricated, at 10 wt.% and 20 wt.% surface-treated Si nanoparticle loadings and with both types 
of silane coupling agents. For comparison, three composites were fabricated at 0 wt.%, 5 wt.% 
and 10 wt.% pristine Si nanoparticle (designated as p-Si) loadings. Disk-shaped samples with 22 
mm diameter and 1 mm thickness were fabricated for dielectric tests. 
 
Figure 3-1. Chemical structures of (a) (3-Aminopropyl)triethoxysilane (SL1) and (b) 3-(m-
aminophenoxy)propyltrimethoxysilane (SL2) [12] 
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The dielectric properties of all samples were characterized using a Novocontrol dielectric 
spectrometer (Novocontrol Technologies, Germany) in the frequency range from 10
-2
 to 10
6
 Hz, 
at room temperature. The temperature dependence of dielectric properties of 20 wt.% silanized-
Si/epoxy nanocomposites were then investigated as a function of temperature, scan from -25 to 
75 °C in increments of 25 °C. Dielectric breakdown strength (Ebd) of the nanocomposites was 
evaluated using a CEAST Dielectric Rigidity Instrument (Instron, USA) at a voltage ramp rate of 
0.5 kV·s
-1
 and a current intensity of 10 mA.  Fourteen or fifteen measurements of Ebd were made 
on each sample.    
3.3.2 Modeling the dielectric spectra 
In most cases, polymers exhibit two dielectric relaxations (α- and β-) in the frequency 
range from 10
-2
 to 10
6
 Hz above room temperature. A β-relaxation is related to the rotation of 
side groups which often occurs both below and above the glass transition temperature (Tg). The 
α-relaxation, on the other hand, represents the main-chain movement corresponding to a 
transition from the glass state to the rubbery state as the temperature rises above Tg. The 
objective of this study is to investigate the effect of silanized-Si nanofillers on dielectric 
properties of epoxy below Tg. Thus the highest test temperature is set as 75 °C to avoid the 
overpowering effect in the permittivity spectrum of high conduction at temperatures around Tg. 
Conduction at lower frequencies was still observed in our study, caused by the existence of free 
charge carriers, especially in silanized-Si/epoxy nanocomposites. Furthermore, an important 
difference between the dielectric spectra of neat epoxy and of the composites studied here is a 
new relaxation, i.e. the MWS relaxation introduced by the trapping of charges at the interface 
between Si nanoparticles and the polymer matrix. 
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Since dielectric relaxations and the effect of conduction commonly overlap in the 
dielectric spectrum, parametric functions were employed in order to separate them and facilitate 
analysis of their temperature- and frequency-dependence. The Havriliak-Negami (HN) function 
[13] is able to model a broad and asymmetric distribution of relaxation times. The HN function is 
shown as equation 3-1, 
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in which εr
*
 is the complex relative permittivity; εr∞ is the real relative permittivity caused by all 
processes with higher response rates than the particular mechanism under consideration; ∆εr is 
the dielectric relaxation strength of the relaxation process under consideration; τHN is the 
characteristic relaxation time as a function of temperature; and αHN and βHN are two HN (shape) 
parameters that can be determined by fitting the function to experimental data. The first HN 
parameter, αHN, is a measure of the peak height of the dielectric relaxation: as αHN increases, the 
peak height decreases. The second HN parameter, βHN, is one measure of the width of the 
distribution of relaxation times for asymmetric peaks.  
A power-law conductivity term is employed to represent the effect of conduction in the 
imaginary permittivity spectrum. Equation 3-2 shows a combination of HN functions for 
modeling relaxations and a power-law conduction term to fully model the frequency-dependence 
of the imaginary relative permittivity [14], 
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In equation 3-2, A indicates the conduction strength, s is an exponent that always lies 
between 0 and 1, and i = 1 and 2 denotes the two relaxation processes: MWS and β- in silanized-
Si/epoxy nanocomposites, respectively. MWS-relaxation is not observed in neat epoxy.  
In order to achieve the optimal fitting of the experimental data, the following procedure 
was conducted, to obtain a minimal least squares difference between the experimental data and 
the model expressed in equation 3-2. Figure 3-2 is an example of the model fitting of imaginary 
relative permittivity. As shown in Figure 3-2, β-relaxation is distinctly separated from the 
conduction tail and the MWS relaxation peak. In our procedure, then, β-relaxation was fitted 
first. For the same reason, it was convenient to fit the conduction tail as the second step. The 
MWS relaxation was modeled in a specific frequency range (10
-1
 to 10
2
 Hz) by subtracting the 
parametric fitting data of β-relaxation and the conduction tail. Once this initial fitting was done 
for all three processes, the fitting parameters were refined by making small adjustments in their 
values to seek the minimum in the least squares difference between the experimental data and the 
model expressed in equation 3-2. The dielectric spectra were fitted for all temperatures measured 
and the Arrhenius diagram developed for all samples based on the observed maximum 
frequencies.  The dielectric relaxation strength of the relaxation processes in the various samples 
was also analyzed. 
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Figure 3-2. The imaginary relative permittivity of a 20 wt.% SL1-Si nanocomposite, 
modeled according to equation 3-2, at 50 °C 
3.3.3 Weibull distribution analysis of dielectric breakdown strength 
In a previous study, the dielectric breakdown strength of the nanocomposites studied here 
was tested as an important parameter in determining their energy storage capability [12]. In this 
paper, the Weibull distribution, a commonly-used statistical tool in the study of insulators, is 
applied to study the dielectric breakdown strength of these nanocomposites.  The cumulative 
distribution function (CDF) for the a two-parameter Weibull distribution is given by [15], 
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where F is the probability of dielectric breakdown strength Ebd of insulating materials in the test, 
α is the scale parameter, and β is the shape parameter. Limited by the sample size, 14 or 15 
effective test values were recorded for each sample, which is considered to be a large enough 
data set for the least-squares regression technique to estimate two parameters of the Weibull 
distribution [15]. The probability of breakdown is also estimated by Benard’s approximation, 
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in which i is the assigned rank of Ebd in order from low to high and N is the total number of 
measured values. 
3.4 Results and discussion 
3.4.1 Dielectric spectra modeling results 
In Figure 3-3, maximum frequencies of β- and MWS relaxations are plotted as functions 
of reciprocal temperature. The maximum frequency, fmax, of the isothermal imaginary 
permittivity spectrum is calculated from parameters αHN, βHN, and fHN of the Havriliak-Negami 
model, as shown in equation 3-5, in which the characteristic frequency of the HN model fHN = 
1/(2πτHN) and τHN is the relaxation time in the HN model [14, 16]. 
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Figure 3-3. Arrhenius diagram showing maximum frequencies of β- and MWS relaxations 
of neat epoxy and silanized-Si/epoxy nanocomposites 
The β-relaxation of neat epoxy is attributed to the dipolar relaxations of OH groups and 
the residual NH2 groups [17]. As shown in Figure 3-3, fmax of the β-relaxation shifts slightly to 
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lower frequency ranges with a 20 wt.% addition of both types of silanized-Si nanoparticles at 
each temperature. Further, the β-relaxation of neat epoxy and Si/epoxy nanocomposites follows a 
linear relationship between logarithmic frequency and the reciprocal of temperature, indicating 
that the β-relaxation obeys the Arrhenius law: 
max 0   (3-6)
aE
RTf f e

  
where f0 is a phenomenological parameter, Ea is the activation energy of the dielectric relaxation, 
and R is the universal gas constant. Linear fits to the β-relaxation data points are also shown in 
Figure 3-3. It is observed that the introduction of Si nanoparticles causes slightly shallower 
slopes of the β-relaxation curves in Figure 3-3, corresponding to a slight decrease of activation 
energy for the process. The activation energies of all three samples are listed in Table 3-1. While 
there is no significant change in Ea of the β-relaxation process observed here, when the 
experimental uncertainty is taken into account, there is a significant difference (~95 kJ/mol) 
between Ea of the MWS-relaxation processes comparing composites formed with SL1-Si and 
SL2-Si, Table 3-1. 
Table 3-1. Activation energies of β- and MWS relaxations of silanized-Si/epoxy 
nanocomposites and neat epoxy obtained by dielectric spectroscopy 
Sample Ea (kJ/mol) 
 β-relaxation MWS-relaxation 
neat epoxy 57 ± 3 n/a 
20 wt.% SL1-Si 54 ± 3 118 ± 5 
20 wt.% SL2-Si 52 ± 3 23 ± 1 
 
The activation energy for the MWS-relaxation process is much smaller in the case of 
SL2-Si than in the case of SL1-Si.  This is supposed due to the reduced agglomeration of 
nanoparticles in SL2-Si giving a larger particle-matrix interface area [12]. Since MWS relaxation 
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is attributed to immobilized charges and dipoles on the interface, the size of the interfacial area 
plays an important role in this mechanism. It is observed that Ea decreases significantly with an 
increasing interface area in the composite with SL2-Si, attributed to broken nano-Si 
agglomeration and remarkably improved particle dispersion in the matrix. Further, as the 
maximum frequency fmax of SL2-Si is higher than that of SL1-Si at 25 ºC, the maximum 
frequency of SL1-Si moves faster towards the high frequency range when temperature increases 
towards Tg. It is supposed that the temperature dependence of fmax of MWS relaxation is related 
to the filler particle size, i.e., the decrease of relaxation time with temperature is more significant 
in a system with larger agglomerates. 
Figures 3-4 and 3-5 show the dielectric relaxation strength, Δεr, of β- and MWS 
relaxations as a function of reciprocal temperature. A 5% uncertainty is applied to every data 
point to reflect the overall uncertainty in the experiment and model fitting method. As shown in 
Figure 3-4, the introduction of Si nanoparticles into epoxy gives rise to a significant increase in 
Δεr of the β-relaxation (~ 60 %) whereas the different types of silane coupling agents do not give 
rise to a significant difference in Δεr. The temperature dependence of Δεr of the β-relaxation is 
not influenced by the introduction of Si nanoparticles. Moreover, Figure 3-5 shows that MWS 
relaxation is a minor relaxation process with Δεr approximately one fourth of that of the β-
relaxation. The increase in Δεr of the MWS relaxation as temperature increases reveals that it is 
thermally activated, becoming more significant near the glass transition temperature [18]. 
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Figure 3-4. Dielectric relaxation strength, ∆εr, of the β-relaxation of silanized-Si/epoxy and 
neat epoxy as a function of reciprocal temperature 
 
Figure 3-5. Dielectric relaxation strength, ∆εr, of the MWS-relaxation of silanized-Si/epoxy 
as a function of reciprocal temperature 
3.4.2 Dielectric breakdown strength analysis results 
In Table 3-2, scale parameter α and shape parameter β are listed for neat epoxy and 
nanocomposites in a two-parameter Weibull distribution of Ebd data. α represents Ebd at which 
the failure probability is 63.2 % and β represents the width of the Weibull distribution. For ease 
of analysis, all Ebd data is grouped into three categories, shown in Figures 3-6 to 3-8. 
Table 3-2. The Weibull-statistical scale parameter (α) and shape parameters (β) of neat 
epoxy and Si/epoxy nanocomposites 
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Sample α (kV/mm) β 
neat epoxy 51.9 5.8 
5 wt.% p-Si 47.5 4.4 
10 wt.% p-Si 44.1 6.4 
10 wt.% SL1-Si 56.3 4.7 
20 wt.% SL1-Si 31.5 4.0 
10 wt.% SL2-Si 54.1 8.7 
20 wt.% SL2-Si 42.8 9.4 
 
In Figure 3-6, the occurrence CDF of nanocomposites filled with p-Si is compared with 
that of neat epoxy. It is observed that CDF plots for the nanocomposites shift to the left 
compared with neat epoxy, indicating a decrease of Ebd as p-Si loading increases. Further, the 
failure distribution is not narrowed with p-Si introduction into the composite, giving rise to an 
adverse effect on the stability of dielectric breakdown strength. 
 
Figure 3-6. Occurrence CDF of measured dielectric breakdown strength of neat epoxy and 
filled nanocomposites 
The influence of silane coupling agents on dielectric breakdown strength is revealed in 
Figure 3-7. With an equal amount of nanofiller (10 wt.%), the p-Si filled composite shows the 
lowest α while the SL2-Si filled composite shows a high α along with a desirable failure 
distribution in terms of a steep slope of the linear fit. Although SL1-Si also brings a higher α than 
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that of the p-Si composite, its failure distribution spreads in a wide range indicating an unstable 
insulating performance. The Ebd of composites is increased and their standard deviation is 
narrowed with the increasing uniformity of nanofiller dispersion in the matrix, shown in SEM 
images in our previous study, indicating that silanization of Si nanoparticles is an effective 
approach to improving insulating properties of Si/epoxy nanocomposites. 
 
Figure 3-7. Occurrence CDF of measured dielectric breakdown strength of nanocomposites 
filled with 10 wt.% p-Si, SL1-Si, and SL2-Si, respectively 
Figure 3-8 presents the comparison of SL1-Si filled and SL2-Si filled composites at 10 
wt.% and 20 wt.% filler loadings. Neat epoxy data is also included for comparison. As shown in 
Figure 3-8, the SL2-Si filled composite displays a superior insulating performance by means of 
both high α and steep slope of the distribution fit. Particularly for samples with the highest 
loading of 20 wt.%, the SL1-Si filled composite fails at lower Ebd than others, indicating that the 
inhomogeneous filler dispersion in the composite is a major factor of degrading its insulating 
performance. 
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Figure 3-8. Occurrence CDF of measured dielectric breakdown strength of neat epoxy and 
nanocomposites filled with 10 wt.% 
3.5 Conclusions 
Dielectric relaxation and breakdown behaviors of silanized-Si/epoxy nanocomposites 
have been investigated. The β-relaxation observed in both neat epoxy and Si/epoxy 
nanocomposites is attributed to dipolar relaxation of O-H and N-H groups. MWS relaxation is 
observed in the dielectric behavior of the nanocomposites due to the presence of the interface 
between the nanoparticles and the polymer matrix. The activation energy of the β-relaxation is 
not changed significantly either by embedding nanofillers in the polymer matrix or by type of 
silanization, whereas that of the MWS-relaxation is significantly reduced when the nanoparticle 
interface area increases as a consequence of reduced nanofiller agglomeration, observed in the 
case of SL2 silanization of Si nanoparticles. Two-parameter Weibull analysis is used to study the 
effect of the different silane coupling agents on the dielectric breakdown strength of the Si/epoxy 
nanocomposites. The composites filled with 10 wt.% and 20 wt.% SL2-Si show superior 
insulating performance when compared with neat epoxy, p-Si and SL1-Si, represented by their 
high shape parameter (β) in the Weibull fit.  In summary, this study shows that silanization of Si 
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nanofillers with SL2 is an effective way to improve their dispersion in epoxy with consequent 
increase in dielectric breakdown strength and narrowing of the distribution of failure points.  
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4.1 Abstract 
The effect of varying amounts of montmorillonite (MMT) filler (in weight ratios of 
100/0, 100/5, and 100/10) on the molecular dynamics and polarization of atactic poly(methyl 
methacrylate) (PMMA)  is investigated using broad-band dielectric spectroscopy from 10
-2
  to 
10
6
 Hz and at temperatures from 30 to 140 °C. The experimental data were analyzed with the 
sum of Havriliak-Negami (HN) functions and a power-law conduction term. The characteristic 
frequency, activation energies, and dielectric strength of PMMA/MMT nanocomposites were 
analyzed.  As MMT content increases, a Maxwell-Wagner-Sillars (MWS) relaxation emerges in 
the nanocomposites and the α-relaxation contributed by main-chain movements above Tg occurs 
at lower temperatures as silicate layers in MMT segregate PMMA chains into smaller domains. 
The characteristic frequency of β-relaxations is influenced by the mergence with the α-relaxation 
above Tg.  Further, the strength of the β-relaxation is stable as a function of temperature in both 
pure PMMA and the PMMA/MMT nanocomposites whereas, in the nanocomposites, the 
strengths of the α- and MWS relaxations increase significantly with temperature up to 
approximately 120 °C. 
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4.2 Introduction 
Polymer nanocomposites can be defined as multiphase materials with nanoscale filler 
particles (nanofiller) dispersed in a continuous polymer matrix. Even a small loading of 
nanofiller – which generally exhibit remarkably larger surface area than micrometer-sized fillers 
of the same volume fraction – can give rise to strong interactions with the polymer matrix [1]. 
Consequently, nanocomposite materials containing various nanofillers, particularly those 
containing high aspect-ratio nanofillers, have significantly improved physical characteristics, 
such as increased tensile strength, resistance to dielectric breakdown, and improved thermal 
behavior compared with the unfilled polymer, without demanding any significant change in 
required processing techniques. Polymers reinforced with clay, silica, rutile, or alumina 
nanoparticles have been shown to exhibit excellent dielectric properties [2, 3]. In this paper, the 
molecular dynamics of poly(methyl methacrylate)/montmorillonite (PMMA/MMT) 
nanocomposites are investigated by dielectric spectroscopy.  
PMMA is an amorphous thermoplastic polymer possessing high strength, superior 
dimensional stability, and excellent resistance to wear.  Because of these properties it is 
employed in many outdoor applications, such as aircraft windows, lighthouse lenses, and 
spectator protection in ice hockey rinks. Additionally, flexible PMMA films have been used as 
solar modules in the solar cell industry. The molecular dynamics of PMMA have been studied in 
many previous works, including [4-7]. The glass transition temperature, Tg, of PMMA can range 
from 85 to 165 ºC. The α-relaxation of PMMA is associated with motions of the main polymer 
chains and occurs at and above Tg, while its β-relaxation is caused by the hindered rotation of the 
methacrylate side group [4, 8]. Among various inorganic additives that have been explored 
(including, for example, silicon oxides, metal oxides, nanoclay, and carbon nanotubes), 
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montmorillonite (MMT), a clay mineral, is the most commonly used filler.  The silicate 
aggregate layers of MMT can be dispersed on a nanometer level in an engineering polymer and 
can be more easily intercalated or exfoliated with various polymers [1, 9, 10].  MMT exhibits a 
sandwich-structure of silicate layers. The fundamental units are platelets whose thickness ranges 
from approximately 1 to 2.4 nm and whose lateral dimensions range from approximately 100 nm 
to 10 μm [9, 11].  Stacking of the platelets leads to a regular van der Waals gap between the 
layers called the interlayer or gallery, where exchangeable cations are located.  
The effect of MMT nanofillers on dielectric permittivity is associated with interfacial 
polarization and low-frequency electrical conduction mechanisms.  Even a small fraction of 
nanofillers contains a sufficiently large number of particles generating a considerable surface 
area to interact with a significant number of polymer chains in the nanocomposite, as has been 
reported in studies on other polymers filled with MMT, namely polypropylene/MMT [12] and 
polyvinylidene fluoride (PVDF)/MMT [10].  The introduction of MMT has been shown to 
increase the real permittivity of the polymer-MMT nanocomposite and to introduce a new 
dielectric loss peak, corresponding to interfacial polarization (also known as Maxwell-Wagner-
Sillars (MWS) polarization).  Apart from giving rise to MWS relaxation, the addition of MMT 
nanoparticles has also been observed to influence the molecular relaxations of the polymer 
matrix [13, 14]. It is noteworthy that a frozen dynamics has been associated with the layer of 
amorphous polymer neighboring a crystalline region in semicrystalline block copolymers [15, 
16]. This mechanism is another possible contributor to the observed behavior in this PMMA-
MMT system. 
In this work, PMMA composites with a mixture of exfoliated and intercalated MMT 
nanoparticles were prepared in weight ratios of 100/0, 100/5 and 100/10 of PMMA/MMT.  The 
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nanocomposites were characterized by various methods of materials analysis such as 
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), transmission 
electron microscopy (TEM), and X-ray diffraction (XRD). The dielectric complex permittivity of 
the samples was measured at a voltage of 1 V (typical for measurements with the Novocontrol 
Alpha-A dielectric spectrometer), over a frequency range from 10
-2
 to 10
6
 Hz, at temperatures 
from 30 to 140 °C.  The dielectric relaxations and low-frequency conduction of the 
nanocomposites often merge together over certain frequency and temperature ranges. In order to 
separate individual relaxations from low-frequency conduction, a sum of Havriliak-Negami 
(HN) functions were applied in order to elucidate the frequency-dependence of the polymer 
molecular relaxations (α- and β-) and the MWS relaxation, and a power-law relation was used to 
describe the low-frequency conduction [17]. The effects of MMT content on the molecular 
dynamics and polarization of the nanocomposites were then analyzed. 
4.3 Experiment 
The methylmethacrylate (MMA) monomer (99%, stabilized) employed in all experiments 
was purchased from Acros Organics. The radical initiator, benzoyl peroxide, BPO, (97% dry 
weight) was obtained from Alfa Aesar.  The MMT clay (Cloisite 20A) was provided by Southern 
Clay Products (Gonzales, TX, USA).  Cloisite 20A is a Na-MMT modified with dimethyl 
dehydrogenated tallow ammonium, which imparts hydrophobicity and increases the number of 
inter-platelet galleries. The clay platelets have a thickness of 1 nm and equivalent diameters 
ranging from 100 nm to approximately 10 μm. According to manufacturer’s information: 10 % 
of the particles have diameter less than 2 μm, 50 % less than 6 μm, and 90 % less than 10 μm. 
Thermogravimetric analysis (TGA) was conducted in order to determine the water content of the 
MMT nanoclay on a Thermal Analysis (TA) Instruments Q50 thermobalance. The weight 
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change of MMT was monitored while the nanoclay was heated from 20 to 800 °C at a heating 
rate of 20 °C/min. 
Prior to nanocomposite fabrication the nanoclay was dried in a furnace at 80 °C for 2 
hours to eliminate MMT surface moisture. The stabilizing inhibitor was removed from MMA by 
washing the monomer three times with a 10 % NaOH aqueous solution, followed by three 
washes with distilled water. The purified monomer was dried using molecular sieves. The first 
step in the composite preparation was the dissolution of initiator in the monomer, followed by 
the addition of the filler (MMT). The molar ratio MMA/BPO was maintained at 1 / (2 x 10
-3
) in 
all systems, and the MMA/MMT weight ratios were 100/5 and 100/10. The corresponding 
weight fraction and volume fraction of MMT for each sample are shown in Table 4-1. In the 
following discussions the two nanocomposite samples are designated ‘5MMT’ and ‘10MMT’, 
respectively. The mixtures were sonicated at 0.20 Watts and mixed at 1-2 minute intervals 
employing a Fisher Scientific Model 100 sonic dismembrater. Following the sonication, systems 
were centrifuged for approximately one minute to remove possible air bubbles. The sequence of 
sonication followed by mixing and centrifugation was repeated five times for each sample. The 
in-situ polymerization of the two systems was carried out in an oven at 80 °C overnight. This 
procedure resulted in binary nanocomposites with a number average chain length of PMMA of 
approximately 7.7 k, which was determined by a Gel Permeation Chromatography (GPC) test.  
This relatively low molecular weight material is useful in applications where flexibility is 
advantageous such as in flexible solar cell technology and for coatings with good gas- and 
liquid-barrier properties. A pure PMMA sample was prepared by the same in-situ polymerization 
procedure, as a control sample.  Atactic and completely amorphous PMMA was synthesized in 
the radical polymerization to eliminate the effect of tacticity for all three samples. 
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Table 4-1. Compositions of PMMA/MMT nanocomposites 
Sample 
MMT weight 
fraction (%) 
MMT volume 
fraction (%) 
PMMA 0 0 
5MMT 4.80 ± 0.05 2.40 ± 0.02 
10MMT 9.10 ± 0.10 4.80 ± 0.05 
 
Transmission electron microscopy (TEM) was employed to investigate the MMT 
dispersion in 5MMT and 10MMT using a JEOL 2100 200 kV microscope. Wide angle X-ray 
diffraction (WAXD) tests were conducted to estimate the spacing of intercalated silicate layers 
of MMT in 5MMT and 10MMT using a Siemens D-500 Bruker AXS X-ray diffractometer. 
Differential scanning calorimetry (Q20, TA Instruments, USA) was conducted to determine 
onset Tg of pure PMMA at a heating rate of 10 °C/min. The complex permittivity of the three 
samples (PMMA, 5MMT, and 10MMT) was measured using a Novocontrol Dielectric 
Spectrometer (Novocontrol Technologies, Germany) in which the sample cell consisting of 20-
mm-diameter parallel plate electrodes, was housed in a temperature-controlled chamber. The 
overall uncertainty in measured permittivity is estimated to be around 1 %, introduced by the 
sample thickness variance and the error of the analyzer.  The measurement was carried out at a 
voltage of 1 V, over a frequency range from 10
-2
 to 10
6
 Hz and temperatures from 30 to 140 °C 
in 10 °C increments. The upper temperature limit was chosen to be 20 °C below the softening 
temperature of PMMA, which is approximately 160 °C. 
4.4 Results 
Results of the TGA test for nanoclay moisture content are shown in Figure 4-1. The 
weight loss up to 100 °C is approximately 2.4% indicating the amount of moisture in MMT.  
MMT was therefore dried at 80 °C to remove moisture prior to composite fabrication. The 
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additional weight loss of approximately 6 % observed in the temperature interval from 100 to 
650 °C corresponds to the combustion of hydrocarbon functional chains present at the surface of 
Cloisite 20A clay platelets. The dispersion of clay platelets in 5MMT and 10MMT samples is 
displayed in the TEM images of Figure 4-2. As shown in Figures  4-2(a) and 4-2(c), the nanoclay 
particles in 5MMT and 10 MMT are homogenously dispersed and randomly oriented. Figures. 4-
2(b) and 4-2(d) reveal the presence of both intercalated and exfoliated silicate layers of MMT in 
the PMMA matrix. Compared with 5MMT, silicate layers in 10MMT appear to be more severely 
intercalated.  The spacing between intercalated silicate layers of MMT in 5MMT and 10MMT is 
calculated using Bragg’s law:  
2 sin    (4-1)d   
where λ is the wavelength of the X-rays used (0.154 nm for the copper target used to generate X-
rays in these tests), d is the spacing between the silicate layers, and θ is the angle between the 
incident X-rays and the scattering planes. The increment of θ in the XRD tests was selected to be 
0.05°, Figure 4-3. A peak in the spectra at 2θ = 2.5° indicates that the spacing between the MMT 
silicate layers in the two nanocomposites is 3.5 nm, increased by 40 % compared with pure 
MMT, caused by the intercalation of PMMA chains between the silicate layers.  
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Figure 4-1. Normalized weight of MMT while heated from 20 to 800 °C at a heating rate of 
20 °C/min 
 
Figure 4-2. TEM images of 5MMT (a and b) and 10MMT (c and d) 
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Figure 4-3. XRD spectra of 5MMT, 10MMT and pure MMT 
As shown in Figure 4-4, the real relative permittivity of the nanocomposite samples 
increases with temperature over the entire frequency range.  At each temperature, the real 
relative permittivity of 10MMT is higher than that of 5MMT as a result of MMT's relative 
permittivity being higher than that of PMMA, coupled with an enhancement of interfacial 
polarization and electrical conduction with increasing MMT content. The imaginary relative 
permittivity is shown in Figure 4-5. It is observed that the peaks of the β-relaxation of the two 
nanocomposites are located at higher frequencies, the assignment to the β-relaxation being made 
by comparison to the spectra for pure PMMA and by reference to the literature [4]. This figure 
also reveals that the strength of conduction increases with temperature and increasing MMT 
content. Above Tg, MWS- and α-relaxations occur between 0.01 and 100 Hz and are obscured by 
conduction effects in the nanocomposite samples. The measured permittivity data were used to 
model frequency dependence of dielectric relaxations and low-frequency conduction based on 
Havriliak-Negami and power-law terms [17], which will be described in the next section. 
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Figure 4-4. The real relative permittivity of PMMA, 5MMT and 10MMT as a function of 
frequency at 50 and 100 ºC. For clarity, only these two (out of thirteen) measured 
temperatures in the range from 30 to 140 ºC, at 10 ºC increments, are plotted here 
 
Figure 4-5. The imaginary relative permittivity of PMMA, 5MMT, and 10MMT as a 
function of frequency at 50 and 100 ºC 
4.5 Calculation 
In pure PMMA, two dielectric relaxations (α- and β-) were observed in the frequency 
range studied here, whereas three dielectric relaxations were observed in the PMMA/MMT 
nanocomposites: α-, β-, and MWS relaxations. In addition, low-frequency conduction was 
observed caused by the existence of free charge carriers. The observed low-frequency 
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conductivity was much stronger in the nanocomposites than in pure PMMA due to enhanced 
ionic electrical conduction from the ions in MMT. Since these four spectral phenomena 
commonly overlap at the temperatures studied here [4], among various models of the relaxation 
spectrum calculation [18, 19], parametric functions describing dielectric relaxation and 
conduction were employed in order to separate them and facilitate analysis of their temperature- 
and frequency-dependence. An example of the parametric fit obtained for 5MMT at 50 °C 
(below Tg) is shown in Figure 4-6. An example of the parametric fit obtained for 5MMT at 100 
°C (above Tg), including the α-relaxation, is shown in Figure 4-7. 
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Figure 4-6. Model fitting of the imaginary relative permittivity of 5MMT at 50 ºC 
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Figure 4-7. Model fitting of the imaginary relative permittivity of 5MMT at 100 ºC 
Classically, four relaxation functions have been developed and widely applied to describe 
dielectric relaxation: Debye [20], Cole-Cole [21], Davidson-Cole [22], and Havriliak-Negami 
(HN) [23] functions. Out of these four, the HN function, equation 4-2, is the most general 
because of its ability to model a broad and asymmetric distribution of relaxation times and it is 
employed in the following analysis,  
  
*
1
01    (4-2)
b
ar r
r
i
 
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

  
  
In equation 4-2, εr* is the complex relative permittivity; εr∞ is the real relative 
permittivity caused by all processes with higher response rates than the particular mechanism 
under consideration; ∆εr is the dielectric strength of the relaxation process under consideration; τ0 
is the characteristic relaxation time, which depends on temperature; and a and b are two HN 
(shape) parameters that can be determined experimentally. The first HN parameter, a, is a 
measure of the peak height of the dielectric relaxation: as a increases, the peak height decreases. 
The second HN parameter, b, is one measure of the width of the distribution of relaxation times 
for asymmetric peaks. Note that for a = 0 and b = 1 the Debye model is recovered. The 
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relationship between a and b is discussed in the original work [23] and subsequent texts, for 
example [24, 25].  Briefly, a > 0 and b ≤ 1 although b may be greater than unity if ab ≤ 1. 
Considering the contribution of free charge carriers to the low frequency behavior of 
imaginary permittivity, a power-law conductivity term is added to the HN functions in order to 
fully model the frequency dependence of the imaginary relative permittivity [17], 
 
3
'' ''
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   
In equation 4-3, A indicates the conduction strength, s is an exponent that always lies 
between 0 and 1, and i = 1, 2, 3 denotes the three relaxation processes: MWS, α- and β-. HN 
equations are normally applied to fit the imaginary part of complex relative permittivity directly 
collected from experimental data.  Imaginary permittivity curves can be easily overpowered, 
however, by rapidly increasing values as frequency is lowered, due to the conductive 
contribution of MMT free charge carriers.  To counteract this effect, an alternative expression of 
the imaginary permittivity is implemented in this study in terms of the derivative of the real 
relative permittivity. The relation between the imaginary part and the real part is shown in 
equation 4-4 (which works for Debye relaxations). This expression is also applicable for 
Havriliak-Negami modeling since it can be decomposed into a series of Debye relaxations [25]. 
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The criterion for a good fit between modeled permittivity and experimental data is to 
achieve a small least squares difference between the experimental data and the superposed HN 
functions, describing the dielectric relaxations, and power-law conductivity term. The following 
procedure was used in this work to obtain the best parametric fit between the model of equation 
4-3, with imaginary permittivity computed from real permittivity via equation 4-4 and the 
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measured data.  Below the glass transition temperature, the β-relaxation is well-separated from 
other relaxation processes in the dielectric frequency spectrum, shown by both 5MMT 50 °C and 
10MMT 50 °C curves in Figure 4-5.  For this reason, the β-relaxation was fitted first by an HN 
function.  Note that, although the β-relaxation is commonly symmetric in many polymers and in 
those cases can be successfully modeled using the Cole-Cole function (b = 1), in PMMA the β-
relaxation is broadened asymmetrically [4] and the HN function is appropriate. Then, using the 
parametric fit to the β-relaxation, its effect in the frequency range 0.01 to 50 Hz was subtracted 
from the data in order to model the MWS relaxation. The peaks of the MWS relaxation are 
observed in this study to lie between 0.01 to 50 Hz.  Similarly, using the parametric fit to the 
MWS relaxation, its effect was subtracted from the data in order to model the conductivity term. 
Once this initial fit was obtained for these three processes that occur below Tg, the fitting 
parameters were refined by making small adjustments (0.001 increments) in their values and 
seeking the minimum in the least squares difference between the experimental data and the 
model represented by equation 4-3. This fitting procedure was conducted for PMMA, 5MMT, 
and 10MMT at all temperatures studied (30 to 140 °C in 10 °C increments), with example fits 
shown in Figures 4-6 and 4-7. Above Tg, the α-relaxation was modeled after initial parameters 
for the other three processes (mentioned above) had been determined.  Fitting parameters were 
then iteratively refined as described above. The superposed HN functions agree well with the 
experimental data by showing a small sum of square difference. According to equation 4-5, the 
standard errors of curve fitting are 0.017 and 0.178 for 5MMT at 50 °C (Figure 4-6) and 100 °C 
(Figure 4-7). Dielectric spectra at other temperatures are fitted with similar standard errors. The 
values of the dielectric strength, Δε, will be discussed in detail in the discussion section, along 
with the effect of increasing MMT nanofiller content on dielectric properties of the composites. 
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4.6 Discussion 
4.6.1 Dielectric relaxations 
Maximum frequencies, fmax, of α-, β-, and MWS relaxations as functions of reciprocal 
temperature are plotted as an Arrhenius diagram in Figure 4-8.  In the Havriliak-Negami model, 
the maximum frequency of each dielectric relaxation is obtained by modifying their parameters 
(a, b, and fHN) in the HN model, according to equation 4-6 [26, 27]. a and b are two HN (shape) 
parameters  and fHN is the characteristic frequency of relaxations. 
 
Figure 4-8. Arrhenius diagram showing α-, β-, and MWS relaxations of PMMA, 5MMT, 
and 10MMT 
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One important reason for plotting the maximum frequency of the dielectric relaxations of 
the samples is in order to determine their glass transition temperatures (Tg).  The observation of 
the α-relaxation, Figure 4-8, provides one measure of Tg for these samples.  Tg was also 
determined by DSC, Figure 4-9, to be the temperature at the maximal negative slope of the 
curves of heat flow versus temperature.  No crystallization is observed in this amorphous PMMA 
system. 
 
Figure 4-9. DSC thermogram of PMMA and nanocomposites 
Tg obtained by dielectric spectroscopy and by DSC is listed in Table 4-2 for all of the 
samples.  It is observed that Tg values for pure PMMA, measured by DSC and by dielectric 
spectroscopy, agree with each other.  On the other hand, Tg values measured by DSC on the 
nanocomposites are significantly higher than those measured by dielectric spectroscopy. Tg from 
dielectric spectra is here determined as the particular temperature at which addition of an α-
relaxation peak improves the fitting to the observed spectra. This temperature is taken to be the 
lower limit of Tg. DSC-determined Tg is, on the other hand, a median value of Tg. Despite the 
discrepancy in the absolute value of Tg determined by the two methods, both show a trend of 
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decreasing Tg as MMT content increases indicating a plasticizing effect of MMT on PMMA in 
these samples. Further, for PMMA/MMT nanocomposites, the maximum frequency of the α-
relaxation increases with the MMT concentration at each temperature.  This behavior is 
attributed to the segregation of PMMA polymer chains into smaller domains by silicate layers in 
MMT, enabling the α-relaxation to take place at lower temperatures and higher frequencies [13].   
This is consistent with earlier results showing temperature dependence of Tg for nylon 6 and 
epoxy matrix nanocomposites with more than 4 wt.% MMT nanoclay [28-30].  It is noteworthy 
that the maximum frequency of the α-relaxation of pure PMMA shifts more significantly than 
that of the nanocomposites when temperature changes.  The α-relaxation occurs at a frequency 
much lower than that of the nanocomposites at 110 ºC while its maximum frequency is two 
orders of magnitude higher than that of the nanocomposites at 140 ºC.  It is supposed that the 
MMT plays a similar role as the crystalline lamellae in copolymers [16], acting to segregate 
polymer chains, which slows down the α-relaxation. The dielectric strength of the α-relaxation is 
much higher in the nanocomposites than in pure PMMA, which will be discussed in the next 
section.  Further, the role of MMT in constraining PMMA chains by intecalation is a possible 
contribution to the decrease in maximum frequency of α-relaxation in the nanocomposites, when 
compared with that of PMMA. The reciprocal temperature dependence of the maximum 
frequency of the α-relaxation follows the Vogel-Fulcher law [16, 26, 31]: 
 
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where D is the strength parameter and T0 is the Vogel temperature. It is stated in reference [32] 
that T0 is usually between 30 and 70 K lower than Tg.  In this case, when T0 is 70 K (for 5MMT) 
and 60 K (for 10MMT) lower than Tg, i.e. when T0 = 273 K, the linear relationships shown in 
Figure 4-10 are obtained. D values for 5MMT and 10MMT are 0.87 ± 0.09 and 0.75 ± 0.08, 
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resulting in no significant difference of temperature dependence for α-relaxation in 5MMT and 
10MMT. 
Table 4-2. Tg of PMMA and of PMMA/MMT nanocomposites measured by by DSC and by 
dielectric spectroscopy 
 
PMMA 5MMT 10MMT 
Tg (°C) – dielectric 
spectroscopy 
110 ± 2 70 ± 2 60 ± 2 
Tg (°C) – DSC 110 ± 1 105 ± 1 87 ± 1 
 
 
Figure 4-10. The linear dependence of log f of α- relaxation of 5MMT and 10MMT on 1/(T-
273) 
It is observed from Figure 4-8 that the maximum frequency of the β-relaxation does not 
shift significantly with the addition of MMT.  Further, the β-relaxation of PMMA, 5MMT, and 
10MMT follows a linear relationship between log frequency and the reciprocal of temperature, 
as Figure 4-8 shows, indicating that the β-relaxation obeys the Arrhenius law: 
max 0    (4-8)
aE
RTf f e

  
where fmax is the maximum frequency, T is the temperature, f0 is a phenomenological parameter, 
Ea is the activation energy of the dielectric relaxation, and R is the universal gas constant. Linear 
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fits to the β-relaxation data are shown in Figure 4-8 by solid lines and activation energies 
deduced from these are listed in Table 4-3. An increase of activation energy for the β-relaxation 
occurs above Tg as a result of coupling between the α-relaxation and the localized β-relaxation 
[33, 34].  On the other hand, the activation energy of the β-relaxation decreases on addition of 
MMT, both above and below Tg. 
Table 4-3. Activation energy of the β-relaxation of PMMA and PMMA/MMT 
nanocomposites obtained by dielectric spectroscopy 
Sample Ea (kJ/mol), T < Tg Ea (kJ/mol), T > Tg 
PMMA 79 ± 4 107 ± 5 
5MMT 70 ± 4 94 ± 5 
10MMT 55 ± 3 95 ± 5 
 
Referring again to Figure 4-8, MWS relaxation is observed only in the dielectric spectra 
of 5MMT and 10MMT, attributed to the interfacial effect of MMT platelets.  Below 110 °C, the 
maximum frequency of the MWS relaxation is independent of temperature. This implies that the 
number of free charges participating in MWS relaxation is not increased by increasing 
temperature, when the material is in the glassy state. The shift of the relaxation peak to higher 
frequencies occurs in both 5MMT and 10MMT above 110 °C, however, indicating the increase 
of the aptitude of the ions to participate in interfacial polarization with the increase in MMT 
content [35] when the polymer is in the rubbery state.  Similar temperature dependence of MWS 
relaxation above Tg has been reported by other researchers [13, 35, 36]. 
4.6.2 Dielectric strength 
The dielectric strength of the dielectric relaxations, ∆ε, is plotted against the reciprocal of 
temperature in Figures 4-11 to 4-13 for β-, α-, and MWS relaxations, respectively. A 5% 
uncertainty is applied to every data point to reflect the overall uncertainty in the experiment and 
model fitting method [26].  Figure 4-11 reveals that the relaxation strength of the β-relaxation 
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does not change significantly with MMT content.  This reflects the fact that the β-relaxation is 
related to the rotation of the side ester group.  Figure 4-12 indicates that the strength of α- 
relaxations increases with respect to a higher MMT loading, which is supposedly caused by 
looser molecular packing of the polymer chains, triggered by the presence of the nanoclay [37].  
For each MMT loading, the strength of the α- relaxation increases with respect to temperature 
until approximately 120 °C, after which it slightly decreases. The peak in Δε for α- and MWS 
relaxations at Tg in 5MMT and 10MMT (Figures 4-12 and 4-13) suggests that there is possible 
cooperation between the MWS relaxation and the α-relaxation above Tg since the frequency 
range of α- and MWS relaxations are getting close. 
 
Figure 4-11. ∆ε of the β-relaxation of PMMA, 5MMT, and 10MMT as a function of 
reciprocal temperature 
77 
 
 
Figure 4-12. ∆ε of the α-relaxation of PMMA, 5MMT, and 10MMT as a function of 
reciprocal temperature 
 
Figure 4-13. ∆ε of the MWS relaxation of 5MMT and 10MMT as a function of reciprocal 
temperature. 
4.7 Conclusions 
Dielectric relaxation dynamics of PMMA/MMT nanocomposites have been modeled 
using parametric functions. The model superposition shows a good fit to experimental data at all 
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measured temperatures. It is observed that the glass transition (α-relaxation) of PMMA takes 
place at lower temperatures as MMT content increases, because the polymer chains are 
segregated into smaller domains by the silicate layers of MMT. The maximum frequency and 
activation energy of the β-relaxation decreases with increasing MMT content. On the other hand, 
the maximum frequency of the MWS relaxation starts increasing significantly above 110 °C. The 
dielectric strength of the β-relaxation shows a weak temperature and frequency dependence 
whereas the dielectric strength of α- and MWS relaxations is significantly increased with 
increasing MMT content.   
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5.1 Abstract 
A capacitive sensor is designed and tested for the purpose of monitoring nuclear power 
plant (NPP) cable degradation. The sensor is designed as two copper interdigital electrodes 
printed on a polymer substrate. Two types of NPP industrially-relevant cable jacket materials, 
ethylene propylene rubber (EPR) and cross-linked polyolefin (XLPO), are studied in this 
research. Accelerated thermal aging is conducted on EPR and XLPO jacket materials by heating 
them for various durations up to 15 weeks (2520 hours), at 135 ºC. Thermal analysis of aged 
samples reveals degradation of both cable jackets by the decrease of polymer weight and 
crystalline regions. Scanning electron microscopy (SEM) and energy dispersive spectrometry 
(EDS) identify the dispersion and constituents of inorganic additives in the jacket materials. A 
large decrease of elongation at break (EAB) of aged samples as a function of increasing aging 
duration, observed by tensile testing, provides an effective benchmark against which to evaluate 
the effectiveness of the capacitive sensor. The capacitance of the sensor in contact with the 
samples is measured and correlated with elongation-at-break as a function of aging time. Values 
of sensor capacitance measured at 1 kHz correlate well (correlation magnitude ~0.85) with EAB 
of both XLPO and EPR, indicating that the capacitive sensor is a good candidate for monitoring 
aging of these cable jacket polymers. 
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5.2 Introduction 
Approximately 1,000 km of power, control, instrumentation and other cables are 
deployed in a single nuclear power plant (NPP). A basic cable comprises a central conductor, 
formed from copper or aluminum strands, covered by a polymeric electrical insulation layer, 
protected by a polymeric jacket. Commonly, shielding layers are also applied between these 
three components. Examples of cables with this construction are low- and medium-voltage 
power cables. Major materials for NPP cable insulation and jackets, on the other hand, are 
ethylene propylene rubber (EPR) and crosslinked polyolefin (XLPO). EPR, as a non-polar 
elastomer, is one of the most widely developed synthetic rubbers for cable jackets and insulation. 
EPR shows excellent electrical resistivity as well as good resistance to heat, oxidation, and polar 
solvents. XLPO is another good candidate for cable jackets and insulation, exhibiting an 
enhanced strength, chemical and heat resistance with an appropriate crosslinking degree. 
However, cables deployed in nuclear power plants suffer from a long-term degradation 
due to various environmental exposures such as heat, ionizing radiation, humidity, voltage, etc. 
Polymer chain scission, oxidation, and reduction of crystallinity take place with the emergence 
of free radicals and various chemical reactions during the polymer degradation process. 
Antioxidants are generally added into cable jackets in order to retard the polymer degradation 
process by terminating the chain reaction with peroxy radicals and hydro-peroxide. However, 
long-term degradation still occurs with adverse results such as gas evolution with internal stress 
and strain. These detrimental consequences due to cable jacket degradation limit the ability of 
cables to operate beyond their initial design life. Over extended periods of service, the polymeric 
jacket and insulation may eventually fail, no longer properly insulating the cable and potentially 
leading to current-arcing and associated loss of power or control function [1]. Against this 
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background, there is a need to evaluate the cable jacket integrity, especially a lifetime monitoring 
under application. The testing system should become an effective method to avoid accidents 
triggered by cable insulating malfunction in rigid environments. 
In recent years, destructive methods have been employed to examine the integrity and 
performance of cable jacket materials deployed in NPPs after a long-term degradation in harsh 
working environments. Among them the tensile test and the dielectric strength test are the most 
direct and effective approaches. Elongation-at-break (EAB) of cable jackets, acquired by the 
tensile test, is a good indicator which reflects a significant change of rubber ductility during 
long-term degradation [2-4]. On the other hand, the dielectric strength of insulating materials is a 
direct parameter to evaluate the insulation of aged cable jackets [5, 6]. Both methods, however, 
are destructive and unsuitable for use on in-service cables, giving rise to extra testing steps and 
the difficulty to monitor the cable insulation performance. Therefore, non-destructive techniques 
(NDTs) are needed for a simple evaluation of the cable performance and cable lifetime 
monitoring. 
A majority of non-destructive techniques have been developed and widely applied to 
characterize materials’ structural integrity and performance [7]. The indenter modulus (IM) 
measurement is a non-destructive method for mechanical properties. It measures indentation on 
aged cable samples with round probe tips. Indenter modulus is calculated from the measurement 
of force and displacement on the probe. The IM measurement can be performed for in-service 
monitoring in some cases. Other non-destructive methods for cable condition inspection include 
reflectometry, portable pulsed X-ray systems, ultrasonic velocity measurements, infrared 
thermography, terahertz measurements, etc. The basic idea of these methods is the emission of 
electromagnetic or ultrasonic signals into cables. The cable integrity can be analyzed by output 
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signals, e.g., reflection of waves and reception of waves, after the wave interaction with cable 
samples. These techniques, however, are not suitable for the lifetime monitoring of cable jacket 
performance [8]. Some inspections require labor and complex installation and all methods cannot 
provide continuous measurements on specific locations in NPPs. The capacitive sensor, on the 
other hand, is a desirable alternative for a long-term cable insulation assessment [9-13]. Firstly, 
cable insulation polymers are dielectrics with low permittivity, contributing to a high sensitivity 
to environmental changes. Therefore, the cable performance can be clearly expressed by low-
voltage capacitance signals. Further, the cost of running a capacitive sensing system with 
measurement equipment is very low which is beneficial for a long-term monitoring of cable 
insulation. 
Another major advantage of capacitive sensors is the flexibility of shapes and 
configurations. As the simplest parallel-plate capacitor requires electrodes on both sides of 
testing materials, the cylinder-shaped cable cannot be inspected with the simplest capacitor. A 
single-sided capacitive sensing element, on the other hand, is more practical for cables because 
all electrodes can be positioned side-by-side on the cable surface. As shown in Figure 5-1, a so-
called “fringing electric field” is generated in the cable perpendicular to the planar gap between 
two electrodes of differing potential. More electrodes can be integrated in the sensing system 
working as periodically placed arrays, commonly referred to as “interdigital” sensors. This is an 
effective approach to improve the sensor signal. The penetration depth, an arbitrary yet important 
measure of strength of the electric field at a subsurface point, can be tuned by manipulating the 
separation between neighboring electrodes [11]. Multiple coplanar interdigital sensors have been 
designed based on this basic physical principle [9]. 
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Figure 5-1. A schematic of a coplanar interdigital sensing system on the cable jacket 
surface 
In this paper, an interdigital sensor is designed and tested to examine cable jacket 
degradation during an accelerated thermal aging process. Since cables exposed to the typical 
operating conditions of interest fail only after long periods of service, testing under accelerated 
conditions is required to produce data for analysis during a typical project period of a few 
months to a year. Ethylene propylene rubber (EPR) and cross-linked polyolefin (XLPO), as the 
two major NPP cable jacket materials, are selected in this research. Accelerated thermal aging is 
conducted on cable jacket samples by heating duration up to 15 weeks (2520 hours) at 135 ºC. 
Capacitance measurements with interdigital sensors were conducted on cable jacket samples 
after they underwent an accelerated aging process. Further, thermal analysis was conducted on 
aged samples to analyze the degradation of both cable jackets under accelerated thermal aging. 
Scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) were carried 
out to identify the dispersion and constituents of inorganic additives in cable jackets. Aged 
samples were also cut into dumbbell samples for tensile tests to acquire elongation-at-break data. 
The correlation between EAB from tensile tests and dielectric properties from capacitive sensors 
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is investigated to study the success of using capacitive sensors for NPP cable integrity 
monitoring.   
5.3 Technical Approaches 
5.3.1 Sample preparation and the interdigital capacitive sensor design 
Halogen free and flame retardant ethylene propylene rubber (EPR) and cross-linked 
polyolefin (XLPO) NPP cables were obtained from commercial sources. Cable components and 
jacket dimensions are shown in cross section schematic diagrams in Figure 5-2. Since the cable 
jacket is the only component studied in this research, ~10 cm tube-shape cable jacket samples 
were cut with the removal of all other components for capacitive measurements. In order to 
eliminate the effect of various jacket thicknesses, especially for XLPO samples with uneven 
inner surfaces, 6 samples were prepared for each aging condition. Then capacitive measurements 
were conducted 8-10 times on different locations to take the average for accurate results. The 
interdigital sensor design is shown in Figure 5-3(a). The advantage of interdigital sensors is the 
high signal-to-noise ratio by designing the size, shape, and periodicity of the sensor [ref]. In this 
study, the electrode fingers are 0.1 mm wide. The separation between two neighboring fingers is 
designed as a 1 mm for a good electric field penetration into the jacket. The dimensions of the 
sensor are designed to render a reasonable spatial periodicity as well as a desirable coverage of 
testing areas. In this study, the sensing area covers one quarter of the jacket perimeter. Sensors 
were fabricated at the manufacturer by etching an 18 micron thick copper layer on a low 
dielectric loss and low moisture absorption polymer substrate with a 0.2 mm thickness. As 
shown in Figure 5-3(b), the electrode side faces the cable jacket surface, leading to an excellent 
sensitivity with a direct contact. The sensor was bonded tightly on the sample by transparent 
tapes, eliminating air gaps between the sensor and the cable jacket. Conductive carbon paints 
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were used to extend the two electrode pads onto the back side through the edge for the ease of 
testing probe touch. On the other hand, dumbbell samples were cut from cable jackets following 
ISO type-3 dumbbell standard before thermal aging. The EAB value of the cable jacket under 
each aging condition is from the average of 6 measurements. 
 
 
Figure 5-2. Schematics of cross sections of (a) EPR and (b) XLPO cables 
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Figure 5-3. (a) A capacitive interdigital sensor schematic and (b) a clamped cable jacket 
sample wrapped with a sensor patch during the measurement, two probes touching the 
extended electrode pads with conductive carbon paints 
5.3.2 Accelerated thermal aging on EPR and XLPO cable jackets 
Despite cables are exposed under a combined thermal condition with radiation at working 
environments, pure thermal aging was selected in this study to examine the success of the 
capacitive sensing technique. All tube-shape and dumbbell samples underwent an accelerated 
thermal aging in an air-circulating oven at 135 ºC with a ± 1 % temperature fluctuation. Samples 
were isolated from each other and protected from direct airflow. The aging durations are 0 
(pristine), 1, 3, 5, 10, and 15 weeks, i.e., 0 (pristine), 168, 504, 840, 1680, and 2520 hours, 
respectively. Corresponding samples are designated by EPR-0, XLPO-0; EPR-1, XLPO-1; EPR-
3, XLPO-3; EPR-5, XLPO-5; EPR-10, XLPO-10; and EPR-15, XLPO-15, with the numbers 
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representing aging duration. Aged samples were kept in sealed bags in a desiccator before 
measurements.  
5.3.3 Characterization on thermally aged samples 
Capacitance (C) and dielectric loss tangent (tan δ) of aged cable jackets were measured at 
ambient temperature by a LCR meter with two probes touching the extended electrodes on the 
sensor surface. LCR meter was calibrated before the measurement. Sixteen data points were 
recorded for each sample along the frequency range from 1 kHz to 1 MHz. Average C and tan δ 
of 8-10 measurements on different samples at one aging condition was calculated for data 
analysis. Average elongation-at-break of samples at each aging condition was calculated from 6 
tensile testing results at a loading rate of 50 mm/min. Other methods were applied to study the 
composition of cable jackets and to obtain more information about inorganic additives. 
Thermogravimetric analysis (TGA) is a thermoanalytical technique which records weight change 
of samples as a function of increasing temperature, providing chemical and physical properties of 
rubbers and inorganic additives. The heating procedure in this study is from 20 to 800 ºC at a 
heating rate of 10 ºC/min under nitrogen atmosphere. Differential scanning calorimetry (DSC) is 
another thermoanalytical technique which provides phase transition information of polymers. 
The mechanism is to compare the amount of heat between the sample and the reference as a 
function of temperature. The degradation of polymers in the cable was investigated by DSC 
heating from -100 to 200 ºC at a heating rate of 10 ºC/min under nitrogen atmosphere. Scanning 
electron microscopy (SEM) is a technique to scan sample images with a focused beam of 
electrons. High resolution images were achieved to observe the morphology of cable jacket 
surfaces and burning residuals from TGA. Energy-dispersive X-ray spectroscopy (EDS) is a 
characterization technique which analyzes the sample’s X-ray emission spectra generated by the 
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elements in the sample excited by X-ray source. In this study, EDS was implemented to identify 
the elements from inorganic additives in cable jackets. 
5.4 Results and Discussion 
5.4.1 Degradation and composition analysis of thermally aged EPR and XLPO cable 
jackets 
Figure 5-4 shows TGA curves of EPR and XLPO samples as a function of temperature 
from 20 to 800 ºC. As shown in Figure 5-4(a), the weight residual of the EPR-0 is 38.6 % at 800 
ºC, indicating a large amount of inorganic additives for the cable jacket reinforcement. The EPR-
0 derivative weight curve reveals a major polyethylene (PE) degradation peak at ~ 450 ºC and 
two minor peaks in terms of other constituents such as polypropylene (PP). Further, it is 
observed that the amount of inorganic additives increases 1 wt.% after 15-week thermal aging. It 
proves that the polymer in EPR cable underwent a slow oxidation and degradation process with a 
135 ºC thermal aging. Figure 5-4(b) shows TGA result of unaged XLPO cable jacket. It is 
observed that over 45 wt.% inorganic additives are in the cable jacket. The primary weight loss is 
also from PE degradation among other polyolefin. It should be noted that TGA sample weight is 
still declining as temperature approaches at 800 ºC, attributed to the chemical reaction between 
Sb additives and the TGA platinum pan. Resulting contamination of the platinum pan was 
observed after the test.  
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Figure 5-4. TGA results of (a) EPR and (b) XLPO cable jackets 
Figure 5-5 shows DSC curves of EPR and XLPO. A melting process of crystalline 
regions is revealed by an endothermic peak at ~50 ºC for both materials. After 15-week thermal 
aging, the intensity of the melting peak at ~50 ºC has been reduced, respectively, attributed to the 
break of crystalline regions under the creation of free radicals and oxidation during the thermal 
aging. 
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Figure 5-5. DSC results of (a) EPR and (b) XLPO cable jacket materials 
Figure 5-6 shows SEM images of blade-cut surfaces of unaged EPR and XLPO cable 
jackets and their residuals after TGA in N2 atmosphere. Both EPR and XLPO cables exhibit 
smooth and homogeneous surfaces without major defects and large filler agglomeration, 
contributing to good mechanical and dielectric properties. Figures 5-6(b) and 5-6(d) reveal the 
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morphology of reinforcing inorganic fillers after burning all polymer components at 800 ºC by 
TGA. The residuals are micron size crystalline pellets. Combined with EDS results, as shown in 
Figure 5-7, it is supposed that inorganic fillers are clay minerals and/or metal oxides containing 
Al, Si, Mg to increase strength and abrasion resistance. 
 
Figure 5-6. SEM images of (a) a pristine EPR cable jacket and (b) TGA residuals, (c) a 
pristine XLPO cable jacket and (d) TGA residuals 
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Figure 5-7. EDS plots of (a) a pristine EPR cable jacket and (b) a pristine XLPO cable 
jacket 
5.4.2 Dielectric spectra of thermally aged EPR and XLPO cable jackets 
Figure 5-8 shows capacitance and tan δ, of EPR and XLPO samples measured by 
capacitive interdigital sensors. Each data point is an average of eight to ten measurements on 
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different samples, and the error bars represent one standard deviation in those measurements. For 
the sake of brevity, only pristine, 5-week, and 15-week aged sample data are included in this 
section. Figures 5-8(a) and 5-8(b) show capacitance of EPR and XLPO, respectively, as a 
function of frequency. It is observed that capacitance of both cables declines gradually as a 
function of frequency over the range 10
3
 to 10
5
 Hz, declining more rapidly between 10
5
 to 10
6
 
Hz. After 15 weeks of thermal aging, EPR capacitance increases slightly by ~3 % at 10
3
 Hz. It is 
supposed that the increase of permittivity is mainly affected by more polar groups introduced 
from oxidation. Capacitance measured on XLPO decreases by ~5 % at 10
3
 Hz with aging time. It 
is supposed that the chain scission and decrease of crystallinity is the main aging factor on the 
change of permittivity in XLPO. On the other hand, there is no significant change of tan δ with 
aging time, observed for these samples. It is supposed that the degradation does not introduce 
many highly polar groups and free charge carriers into these cable jacket materials under this 
aging regime. Figure 5-9 shows capacitance and tan δ measured on the sensor in air, remote from 
other materials, in order to investigate the sensor polymer substrate effect on the sensor 
capacitance. Low capacitance and tan δ are observed, showing no significant frequency 
dependence and indicating that this substrate (fastFilm 27D) is a good sensor substrate for this 
application. 
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Figure 5-8. Capacitance of (a) EPR and (b) XLPO, and tan δ of (c) EPR and (d) XLPO 
cable jackets 
 
Figure 5-9. Capacitance and tan δ of isolated capacitive sensor showing permittivity 
response of the polymer substrate 
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5.4.3 Elongation-at-break vs. Capacitance and tan δ 
Figures 5-10(a) and 5-10(b) show elongation-at-break (EAB) and capacitance measured 
at 1 kHz as a function of the aging time for EPR and XLPO cable jacket materials. The EAB 
measurement, as a general and effective destructive method to investigate the integrity of aged 
cable materials, provides a benchmark against which to test the effectiveness of the capacitive 
interdigital sensors. Both EPR and XLPO cables exhibit a significant decrease in EAB with 
aging duration, attributed to the reduced ductility of the polymers due to thermal degradation. 
Further, it is observed that XLPO capacitance exhibits a positive correlation with EAB decrease 
as a function of the aging time, except for the outlying observation for XLPO-3, indicating that 
the capacitive sensor is a good candidate for XLPO jacket status monitoring. It is difficult to 
verify the EPR capacitance increase due to the high uncertainty of measurements, which is partly 
attributed to difficulty of measurements on highly curved samples after thermal aging. Therefore, 
the capacitance results suggest a longer term of thermal aging to verify the success of the 
interdigital sensor, especially for EPR cable jackets. The correlation values were calculated 
between capacitance, loss tangent, and elongation-at-break at 1 kHz and 1 MHz using the 
following equation: 
 
  
   
2 2
,Y    (5-1)
x x y y
Correl X
x x y y
 

 

   
Where x and y represent elements of arrays X and Y, respectively, and the overline means 
the mean value of elements. Correlation values vary from -1 to 1, representing the range from 
perfectly negative correlation (-1) to perfectly positive correlation (1) between two arrays. Table 
5-1 gives the magnitude of correlation values. Magnitude of correlation values higher than 0.80 
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are highlighted in bold and underlined. It is observed that capacitance at 1 kHz of both EPR and 
XLPO cable jacket materials gives good correlation with EAB values. Considering the high 
uncertainty of EPR capacitance, a thermal aging with a longer time is needed to confirm the 
effectiveness of the sensor of EPR cable jackets. 
Table 5-1. Correlation magnitude between measured elongation-at-break (EAB), 
capacitance (C), and loss tangent (tan δ) at 1 kHz and 1 MHz 
 
C tan δ 
  1 kHz 1 MHz 1 kHz 1 MHz 
EPR 0.84 0.59 0.18 0.57 
XLPO 0.86 0.32 0.82 0.35 
 
 
Figure 5-10. Measured elongation-at-break and capacitance at 1 kHz of (a) EPR and (b) 
XLPO cable jacket materials as a function of aging time 
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5.5 Conclusions and Future Work 
An interdigital capacitive sensor was designed and fabricated to monitor the thermal 
degradation of nuclear power plant cable jackets. Two major cable jacket materials, EPR and 
XLPO, were subjected to accelerated thermal aging with duration up to 15 weeks at 135 ºC. 
Degradation of both of these cable jacket polymers was identified by thermal analysis as weight 
loss and the reduction of crystalline regions in the aged cable jackets. Further, SEM and EDS 
showed a homogeneous dispersion of inorganic additives in these materials, consisting of clay 
minerals and/or metal oxides containing Al, Si, and Mg in both materials and Sb in XLPO. Most 
importantly, the decrease of capacitance measured at 1 kHz on XLPO as a function of aging time 
was found to correlate well with observed changes in elongation-at-break, with a correlation 
magnitude of 0.86, indicating that the capacitive sensor is a good candidate for XLPO jacket 
integrity monitoring. Likewise, the increase of capacitance measured at 1 kHz on EPR correlates 
inversely with EAB measurements, with a correlation magnitude of 0.84.  This result is 
consistent with previous measurements made on a set of aged EPR-insulated wire samples, using 
a clamp-mounted interdigital capacitive sensor [14]. 
In future work, issues associated with the practical application of these sensors will be 
explored, including the feasibility of permanent in situ placement by adhering the sensor to the 
cable, and the development of a sensor head that will allow straightforward spot-testing of NPP 
cable jacket materials. 
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CHAPTER 6 GENERAL CONCLUSIONS 
6.1 General Discussion 
In the study of Si/epoxy nanocomposites described in Chapters 2 and 3, surface 
treatments of Si nanoparticles were successfully achieved by two types of silane coupling agents 
and Si/epoxy nanocomposites were fabricated after the nanofiller surface modification. Si/epoxy 
nanocomposites show significantly increased εr′ and low tan δ compared to those of neat epoxy. 
Compared to common nanofillers that enhance the dielectric constant of polymers, Si 
nanoparticles exhibit better energy saving performance of the resulting composite through its low 
loss tangent over a wide frequency range. Further, the nanocomposites with silanized nano-Si 
show an increase of breakdown strength (Ebr) compared to that of pristine Si-filled composites, 
revealing an elevated energy storage capability due to the surface treatment of the nanoparticles. 
On the other hand, storage modulus of neat epoxy resin is increased with the introduction of 
surface-treated Si nanoparticles. Tg of the nanocomposites demonstrates a good thermal stability 
of epoxy in the case of silane-treated nano-Si. These lead to a potential use of Si/epoxy 
nanocomposites as materials for structural capacitors in mechanical systems. Of the 
compositions studied here, 10 wt.% SL2-Si is the most promising candidate, showing + 34 % 
increase in energy density at 25 ºC and 0.01 Hz and + 19 % increase in storage modulus 
compared with neat epoxy. 
Dielectric relaxation and breakdown behaviors of silanized-Si/epoxy nanocomposites 
have been investigated and presented in Chapter 3. The β-relaxation observed in both neat epoxy 
and Si/epoxy nanocomposites is attributed to dipolar relaxation of O-H and N-H groups. 
Interfacial polarization or Maxwell-Wagner-Sillars (MWS) relaxation is observed in the 
dielectric behavior of the nanocomposites due to the presence of the interface between the 
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nanoparticles and the polymer matrix. The activation energy of the β-relaxation is not changed 
significantly either by embedding nanofillers in the polymer matrix or by type of silanization, 
whereas that of the MWS-relaxation is significantly reduced when the nanoparticle interface area 
increases as a consequence of reduced nanofiller agglomeration, observed in the case of 3-(m-
aminophenoxy)propyltrimethoxysilane (SL2) silanization of Si nanoparticles. Two-parameter 
Weibull analysis is used to study the effect of the different silane coupling agents on the 
dielectric breakdown strength of the Si/epoxy nanocomposites. The composites filled with 10 
wt.% and 20 wt.% SL2-Si show superior insulating performance when compared with neat 
epoxy, the pristine Si (p-Si) filled nanocomposite, and the (3-aminopropyl)triethoxysilane treated 
Si (SL1-Si) filled nanocomposite, represented by their high shape parameter (β) in the Weibull 
fit.  In summary, this study shows that silanization of Si nanofillers with SL2 is an effective way 
to improve their dispersion in epoxy with consequent increase in dielectric breakdown strength 
and narrowing of the distribution of failure points.  
In the study of PMMA/MMT nanocomposites, molecular relaxation dynamics were 
studied by modeling measured dielectric spectra using parametric functions. The model 
superposition shows a good fit to experimental data at all measured temperatures. It is observed 
that the glass transition (α-relaxation) of PMMA takes place at lower temperatures as MMT 
content increases, because the polymer chains are segregated into smaller domains by the silicate 
layers of MMT. The maximum frequency and activation energy of the β-relaxation decreases 
with increasing MMT content. On the other hand, the maximum frequency of the MWS 
relaxation starts increasing significantly above 110 °C. The dielectric strength of the β-relaxation 
shows a weak temperature and frequency dependence whereas the dielectric strength of α- and 
MWS relaxations is significantly increased with increasing MMT content.   
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In the study of nuclear power plant cable jacket polymers, an interdigital capacitive 
sensor was designed and fabricated to monitor the dielectric effects of thermal degradation. 
Polymer degradation of both EPR and XLPO cable jackets was identified by thermal analysis 
with the polymer weight loss and the reduction of crystalline regions in the aged cable jackets. 
Further, SEM and EDS give a qualitative analysis of a homogeneous dispersion of inorganic 
additives and their compositions of clay minerals and/or metal oxides containing Al, Si, Mg (in 
both materials), and Sb elements (in XLPO). Most importantly, the change of capacitance 
measured on both EPR and XLPO by the sensor correlates well (correlation magnitude ~0.85) 
with observed changes in elongation-at-break, the current industry standard, indicating that the 
capacitive sensor is a good candidate for XLPO and EPR polymer jacket integrity monitoring. 
6.2 Recommendations for Future Research 
In the study of Si/epoxy nanocomposites, SEM images reveal small agglomerates (~3 μm) 
in the composite with silanized nano-Si. This indicates that the silane coupling agents are not 
perfectly treated on the surface of individual Si nanoparticles because these  micron-scale 
agglomerates still exist after surface treatments. To address this problem, sonication and 
mechanical vibration might be carried out on the Si nanoparticle solution to break the 
agglomerates before silanziation. Additionally, ozone oxidation on fluidized Si nanoparticles 
might be conducted for a more uniform silanization, potentially contributing to better electrical 
insulating performance. In relation to mechanical analysis, samples at a larger scale need to be 
designed for tensile tests to investigate the suitability of the compositions for structural 
applications. On the other hand, other flexible polymer nanodielectrics have exhibited higher 
energy storage capability with a maximum energy density of 10 J/cm
2
, which is two orders of 
magnitude higher than our results [1]. Reasons for this include higher permittivity of nanofillers 
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and higher dielectric breakdown strength of polymer matrices. Therefore, higher nanofiller 
loadings and other polymer matrices might also be attempted for an additional increase of energy 
storage capability. 
In the dielectric study of PMMA/MMT nanodielectrics, the dielectric spectra exhibit that 
the conductivity effect masks other relaxations at low the frequency range, especially at high 
temperatures. Lower MMT filler loading might be attempted to reduce the conduction term in 
the dielectric spectra, rendering an easier model fitting process and a comprehensive study of the 
change of dielectric properties as a function of nanofiller amounts, especially for the composites 
with exfoliated MMT platelets. Another approach is to apply more sophisticated analysis 
techniques by which the conductivity effect can be eliminated to reveal low-frequency relaxation 
behavior [2]. 
In the study of the cable jacket integrity monitoring, the capacitance measured on both 
materials give similar correlation magnitudes with EAB. The capacitance of EPR, however, 
reveals large uncertainty at short thermal aging time. This phenomenon indicates that a longer 
aging thermal duration is needed to reach a more significant change of capacitance and to verify 
the effectiveness of capacitive sensors for long-term aged EPR cable jackets. A gamma radiation 
aging might be added to simulate the real cable aging in nuclear power plants. Further, the 
fabrication of self-adhesive sensors is suggested to achieve permanent placement of electrodes 
for NPP cable integrity monitoring.  
 To conclude, polymer nanodielectrics were successfully synthesized by introducing nano-
scale fillers into polymer matrices. The composite filled with nanoparticles was more 
homogeneous with the nanoparticle surface treatments of silane coupling agents. Dielectric 
relaxations of polymers and nanocomposites were successfully analyzed by fitting dielectric 
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spectra of nanodielectrics. On the other hand, a capacitive sensor was successfully designed and 
tested for the cable jacket polymer integrity monitoring and good correlation was obtained 
between measured capacitance and the benchmark elongation-at-break as a function of aging 
time.  
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